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Abstract

The quest for the construction of artificial enzyme models able to mimic the activity of
metalloenzymes is a lucrative research filed for many chemists. There have been considerable
efforts in design and synthesize various bio-mimetic systems to achieve the enzymatic activity.
One such enzyme mimicking system is to use of macromolecular environment such as polymers
with the metal active sites has attracted tremendous interest and resulting in the formation of metalcontaining polymers/metallopolymers. We believe that by integrating metal ions within the
polymer frameworks using metal-ligand coordination will offer a greater control over the choice
of various functional groups, control of hydrophilicity/hydrophobicity and secondary coordination
network offered by the polymer frameworks for the metal ions. These metal-containing polymers
will be expected to serve as the better enzymatic models.
The aim of this dissertation is to study the polymer promoted catalytic activity of novel metalcontaining polymers. By taking the advantages of polymer synthesis methods, particularly,
controlled free radical polymerization methods such as RAFT and ATRP, and post-polymerization
methods, we prepared well-defined polymers with the desired functional groups. The metal ions
were incorporated into the polymer network via metal-ligand coordination under dilute conditions
to induce polymer cross-linking to yield metal-containing single chain polymer nanoparticles (M-
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SCNPs). These soft nano-sized polymeric nanoparticles were then used as enzymatic model
systems for catalysis applications.
In chapter 2 of this dissertation work, we explored the use of metallofoldamers containing Nithiolate co-factors in a folded polymer framework for the selective photoreduction of CO2. The
catalysis results indicated that polymer framework promoted the activity of Ni active sites towards
selective CO2 reduction to CO under photochemical conditions. In chapter 3, we demonstrated that
Cu-containing SCNPs promoted the activity towards the selective hydroxylation reactions. The
catalytic activity towards phenol substrates catalyzed Cu-SCNPs was studied and the results
indicate that the selectivity was largely influenced by the dynamics of the folded polymer
backbone. The unsaturation of coordination sites to Cu ions limits the cooperative catalysis. We
solved this problem by designing a random copolymer having well-defined ligands with a
coordination site for Cu-ions. We studied the polymer promoted cooperative O2 activation and how
the catalytic efficiency was influenced by polymer flexibility and the mole fraction of Cu sites in
copolymers which is described in chapter 4. Further extension of this work by introducing
hydrophobic microenvironment for the Cu sites and how it will affect the catalytic activity was
demonstrated in chapter 5.
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0.23. 0.33 moles respectively. (d) Plotting the number average molecular weight and dispersity of
metallofoldamers against Ni-to thiol ratios.
Figure 2.2. (a) UV-vis spectra of the linear polymer and the metallofoldamers of P(MMA335-coHEMA73-co-MPEMA50), NiCl2, and Ni-dodecanethiolate (DT) in THF. The concentration of the
linear polymer and its metallofoldamers is 5 mg/mL. The concentration of Ni-DT clusters is 4
mg/mL. (b) Raman spectra of the linear polymer (bottom, black) and its metallofoldamer (top, red)
P(MMA335-co-HEMA73-co-MPEMA50) (c) TEM image of the metallofoldamer of P(MMA335-coHEMA73-co-MPEMA50). The inset is the size distribution of metallofoldamers by averaging > 100
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foldamers from the TEM image. (d) Hydrodynamic radius of the linear polymer (black, right) and
its metallofoldamer (red, left) in THF solution.
Figure 2.3. (a) XPS survey spectrum of the metallofoldamer. (b,c) High-resolution XPS spectra
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Figure 2.4. (a) Photocatalytic CO2 reduction over metallofoldamers as a photocatalyst, TiO2 as a
light absorber and triethanolamine as an electron donor under UV light (λ = 365 nm). (b) Kinetic
plot of the CO amount vs. irradiation time using metallofoldamers-TiO2 in DMF (red) and in
acetonitrile (black). The control experiments were performed using TiO2 (blue) and Ni-DT clusters
(magenta).
Figure 2.5. 1HNMR (a) and 13CNMR (b) spectra of P(MMA335-co-HEMA123) (black, bottom) and
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Figure 2.6. Size-exclusion chromatography (SEC) traces of P(MMA335-co-HEMA123) (black) and
P(MMA335-co-HEMA73-co-MPEMA50) (red) copolymers in THF. The molecular weight and
dispersity were calibrated using polystyrene standards. The apparent molecular weight of the
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Figure 2.7. (a) UV-vis absorption spectra collected upon titration of P(MMA335-co-HEMA73-coMPEMA50) polymer in THF with Ni2+ ions (from bottom to top) 0 to 0.33 (Ni-to-thiol, molar
ration), respectively. The blue line showing a peak at 420 nm is a control for pure NiCl2. (b) The
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metallofoldamers because of the absence of metal ions. (b) Plotting the number average molecular
weight and dispersity of metallofoldamers.
Figure 2.9. Hydrodynamic radius of the linear polymer P(MMA335-co-HEMA73-co-MPEMA50)
(black) and different metallopolymers: Zn-metallofoldamer, pink; Cu-metallofoldamer, blue; Nimetallofoldamer green. Hydrodynamic radius was measured in THF by dynamic light scattering.
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Figure 2.10. UV-vis spectra of the linear polymer P(MMA335-co-HEMA73-co-MPEMA50) and its
Cu-metallofoldamers using CuCl2 as the source of metal ions.
Figure 2.11. Gas chromatograms of gas products using (a) TiO2, (b) Ni-metallofoldamer/TiO2
hybrid photocatalyst.
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Figure 2.12. 1H NMR spectra of photoreduction products using (a) TiO2 and (b) Nimetallofoldamer/TiO2 hybrid photocatalyst (black; before UV light irradiation, red; after UV light
irradiation).
Figure 2.13. Stability of Ni-metallofoldamers/TiO2 hybrid photocatalyst. In each cycle (2 hr), the
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Figure 3.1. (a) Synthetic routes to preparing imidazole-functionalized copolymers. (b,c) 1H NMR
spectra and SEC elution curves of P(MMA218-co-GMA43) (black), P(MMA218-co-IHPMA43) (red),
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the SEC measurements were performed in DMAc. The peak * is from acetone.
Figure 3.2. UV-vis spectra of the linear copolymer of P(MMA218-co-IHPMA43) (black), the CuSCNP of P(MMA218-co-IHPMA43) (red), unfolded P(MMA218-co-IHPMA43) (blue), and
Cu(NO3)2 (dark yellow). The UV-vis spectrum of the linear copolymer of P(MMA218-coIHPMA43) was recorded in THF/methanol (5:1, vol); while the other three were measured in water.
The concentration of the linear copolymer and Cu(NO3)2 is 1mg/mL, and the Cu-SCNP and the
unfolded polymer is 0.9 mg/mL
Figure 3.3. (a) Schematics of phenol hydroxylation reaction catalyzed by Cu-SCNPs. (b)
Schematic illustration of Cu-imidazole complexes in SCNPs (a coordination number of 3). Kinetic
plots of phenol hydroxylation catalyzed by (c) Cu-SCNP-1 and (d) Cu-SCNP-2. Reaction
conditions in c and d: Cu/phenol/H2O2 = 1/3160/6320 and Cu/phenol/H2O2 = 1/1950/3900 .
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Figure 3.4. (a) 1HNMR spectra and (b) SEC elution curves of P(MMA273-co-GMA134) (black),
P(MMA273-co-IHPMA134) (red), Cu-SCNP-2 (blue) and unfolded P2 (pink). The apparent
molecular weight of the copolymer increased from 53.8 to 119.4 kg/mol when imidazole moieties
incorporated into the copolymer.
Figure 3.5. (a) SEC traces of P(MMA218-co-IHPMA43) and its Cu-SCNPs at different ratios of Cuto-imidazole: 0, 0.167, 0.25, 0.5, and 1.0 (from bottom to top). (b) Plotting the number average
molecular weight and the dispersity of Cu-SCNPs of P(MMA218-co-IHPMA43) against the ratio of
Cu-to imidazole. The molecular weight decreased from 128.4 kg/mol to 114.0 kg/mol (11.2 %
shrinkage of its original molecular weight). (c) SEC traces of P(MMA273-co-IHPMA134) and its of
Cu-SCNPs at different ratios of Cu-to-imidazole: 0, 0.25, 0.5 and 1.0 (from bottom to top). (d.)
Plotting the number average molecular weight and the dispersity of Cu-SCNPs of P(MMA273-coIHPMA134) against Cu to imidazole ratios. The molecular weight decreased from 119.4 kg/mol to
112.4 kg/mol (5.8 % shrinkage of original molecular weight).
Figure 3.6. (a) DLS curves of the linear copolymer P(MMA218-co-IHPMA43) (black), and CuSCNP-1 (red), unfolded P1 (blue) measured in DMAc at a concentration of 1 mg/mL, and CuSCNP-1 in water (green) measured in water at a concentration of 0.9 mg/mL. The hydrodynamic
radius of Cu-SCNP-1 in water is 11.5 nm, slightly larger than that of Cu-SCNP-1 in DMAc. It
suggested Cu-SCNP-1 formed small micelles that were stabilized by hydrophilic imidazole and
hydroxyl groups on the SCNP. (b) DLS curves of P(MMA273-co-IHPMA134) (black), and the CuSCNP-2 (red), unfolded P2 measured in DMAc solvent and at a concentration of 1 mg/mL, and
Cu-SCNP-2 in water (green) measured in water at a concentration of 0.9 mg/mL. The
hydrodynamic radius of Cu-SCNP-2 in water is 1.4 nm, slightly smaller than that of Cu-SCNP-2
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in DMAc. It suggested Cu-SCNP-2 formed more compact folding driven by the hydrophobic
interaction of the PMMA backbone.
Figure 3.7. UV-vis spectra of the Cu-SCNP-2 (red), unfolded P2 (green), Cu(NO3)2 (blue)
measured in water. The concentration of Cu(NO3)2 is 1 mg/mL, and Cu-SCNP-2 and unfolded P2
is 0.9 mg/mL.
Figure 3.8. EPR spectrum of Cu-SCNP-1.
Figure 3.9. Deternimation of the binding constant of Cu2+ to P(MMA218-co-IHPMA43): (a) θ vs
[Cu2+] and (b) 1/θ vs 1/[Cu2+].
Figure 3.10. Job's plot to determine the binding stoichiometry of Cu2+ ions, P(MMA218-coIHPMA43) with Cu2+ obtained from variations in absorption at 670 nm. The concentration of [Cu2+]
is 5x10-3 mol/L and [P(MMA218-co-IHPMA43)] is 5x10-3 mol/L with respect to imidazoles.
Figure 3.11. HPLC elution curves of standard solutions and phenol hydroxylation products. (a)
Standard solutions of HQ, BQ, CAT and phenol. The concentration for phenol and CAT is 2
g/mL; and the concentration for HQ and BQ is 50 g/mL, respectively. (b) Hydroxylation
products catalyzed by Cu-SCNP-1. (c) Hydroxylation products catalyzed by Cu-SCNP-2. Reaction
conditions in b and c: 4.5 mg Cu-SCNP, 0.59 mmol of phenol, 3.6 mmol of H2O2, 60 oC for 1 h.
The chromatograms were obtained by plotting the extracted ion intensity of at m/z = 92-94 for
phenol and m/z = 107-110 for CAT, HQ and BQ. The amount of BQ from phenol hydroxylation
products was estimated relative to HQ from the peak areas of standard solutions of HQ and BQ.
The peak areas were measured after extraction of HQ and BQ peaks using their absolute molar
mass.
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Figure 3.12. 1HNMR spectra of phenol hydroxylation reaction kinetics using Cu-SCNP-1 as
catalyst. All the spectra were recorded in D2O. The conversion of phenol was calculated by using
DMF as an internal standard (e.g. the formyl proton at 7.87 ppm). The peak area for catechol
protons (d and e) can be extracted by subtraction of phenol protons (b and c) from total peak area
of catechol protons and phenol protons. The selectivity of CAT and HQ was calculated from the
peak areas of protons d+e and protons f.
Figure 3.13. 1HNMR spectra of phenol hydroxylation reaction kinetics using Cu-SCNP-2 as
catalyst. All the spectra were recorded in D2O. The conversion of phenol was calculated by using
DMF as internal standard. The similar method as mentioned above was used to determine the
selectivity to CAT and HQ.
Figure 4.1. (a) Synthesis and the chemical structures of the random copolymers of P(DMA-coGMADPA). (b) Summary of the different copolymers of P(DMA-co-GMADPA). Note

*

The

repeat unit numbers were calculated from 1H NMR spectra based on monomer conversion. * The
mole fraction of ligands (GMADPA, relative to DMA) was determined based on the peak areas of
corresponded protons in 1H NMR as given in supporting information.
Figure 4.2. (a) The chemical reaction of AA oxidation. (b-d) The UV-vis spectral changes for the
oxidation of AA catalyzed by (b) non-catalytic, (c) Cu-GMADPA and (d) Cu-P4 polymer. The
spectra were collected at the interval of 1 min for a period of 20 min. (e) The corresponded plots
showing the first-order kinetics of AA oxidation non-catalyzed and catalyzed by Cu-GMADPA,
and Cu-P4 polymer. (f) The dependence of rate constant with the molar fraction of ligands from
the copolymers. The reaction conditions used for the AA oxidation reaction: [AA] = 95 M; [Cu]
= 19 M; T = 10 oC. Oxygen was constantly bubbled into the solution throughout the reaction.
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Figure 4.3. (a) The chemical reaction of DTBC oxidation. (b) The 1st-order reaction kinetics for
the oxidation of DTBC: non-catalytic (square) and catalyzed by Cu-GMADPA (circle), Cu-P2
(triangle) and Cu-P5 (diamond). (c) The dependence of the rate constant on the mole fraction of
ligands of the copolymers. The reactions were performed at least three times to get an average rate
constant. Reaction conditions: [DTBC] = 143 M; [Cu] = 57 M; T = 37 oC. Oxygen was
constantly bubbled into the solution throughout the reaction.
Figure 4.4. (a) Michaelis–Menten plots of DTBC oxidation catalyzed by Cu-GMADPA complex
and Cu-polymers. (b) Plotting the Vmax against the mole fraction of GMADPA within individual
polymer chains. (c) The table to summarize the kinetic parameters for the Michaelis–Menten plots
of DTBC oxidation.
Figure 4.5. 1HNMR spectra of (a) dipicolylamine (DPA) and (b) 2-hydroxy-3-(dipicolylamino)
propyl methacrylate (GMADPA) measured in d-CHCl3. The peaks at 8.56 ppm (peak a), 7.62 ppm
(peak c), 7.32 ppm (peak d), 7.16 ppm (peak b) corresponded to the protons of pyridine groups,
and 4.20-3.90 ppm (peaks e, g, h) corresponded to methylene protons confirmed the successful
ring opening reaction of epoxides with DPA ligands.
Figure 4.6. 1HNMR spectra of copolymers of P(DMA-co-GMADPA) measured in d-CHCl3. The
peaks at 8.5, 7.6, 7.3, and 7.1 ppm correspond to the aromatic protons from pyridine groups of
DPA ligands confirm the presence of DPA ligands in the copolymers. Also, the peak at 2.9 ppm
corresponding to methyl protons of DMA monomer confirms the presence of DMA groups.
Figure 4.7. UV-vis spectra showing the titration of (a) GMADPA monomer and (b) PGMADPA92
polymer with Cu(NO3)2 measured in methanol. (b, d) The absorption at 676 nm as a function of
Cu2+: DPA ligands. The concentration used: 5 mM for monomer and polymer and 20 mM for Cu2+.
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Figure 4.8. UV-vis spectra of Cu-polymers and Cu(NO3)2 measured in water. The concentration
used for the Cu-polymers is 0.9 mg/mL and for Cu(NO3)2 is 4 mg/mL. Cu(NO3)2 has absorption
at 810 nm whereas the Cu-polymers has at 676 nm showing the coordination of Cu to the DPA
ligands. The absence of absorption peak around 810 nm in Cu-copolymers UV-vis spectra clearly
indicated there is no free Cu2+ ions.
Figure 4.9. (a) Schematic representation of DTBC oxidation reaction. UV-vis spectral changes
for the oxidation of DTBC catalyzed by (b) non-catalytic, (c) Cu-GMADPA, and (d) Cu- P2
polymer. Spectra collected at the interval of 30 sec for a period of 10 min. (c) Reaction conditions:
[DTBC] = 143 M; [Cu] = 57 ; T = 37 oC. O2 concentration was kept constant by bubbling the
reaction solution with O2 throughout the oxidation reaction.
Figure 4.10. The 1st-order reaction kinetics for the oxidation of DTBC catalyzed by: non-catalytic
(square), Cu-GMADPA (circle), Cu-P1 (triangle), Cu-P2 (inverted triangle), Cu-P3 (left triangle),
Cu-P4 (right triangle) and Cu-P5 (diamond). Reaction conditions: [DTBC] = 143 M; [Cu] = 57
M; T = 37 oC. Oxygen was constantly bubbled into the solution throughout the oxidation reaction.
Figure 4.11. Reaction profile for (a) the styrene epoxidation reaction, (b) the selectivity for styrene
oxide (SO) vs the reaction time and (c) the 1st-order reaction kinetics for the epoxidation of styrene
catalyzed by; non-catalytic (square), Cu-GMADPA (circle), Cu-P2 (triangle), Cu-P3 (inverted
triangle), and Cu-P5 (diamond) polymer respectively. Reaction conditions: styrene = 1.75 mmol;
Cu = 2.6 mol; T = 80 oC.
Figure 4.12. Michaelis–Menten plots of DTBC oxidation catalyzed by (a) Cu-GMADPA complex
(b) Cu-P1 (c) Cu-P2 (d) Cu-P3 (e) Cu-P4 and (f) Cu-P5 polymers. Reaction conditions: [Cu] = 57
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M; T = 37 oC; [DTBC] concentration was varied from 40 M to 0.6 mM. Oxygen was constantly
bubbled into the solution throughout the reaction.
Figure 4.13. Proposed mechanism for the O2 activation by Cu-polymers in DTBC oxidation
reaction.
Figure 5.1. (a) Summary of the different copolymers of P(DMA-co-LMA-co-GMADPA) and
P(DMA-co-GMADPA-ODC). (b) 1H NMR spectra of copolymers of P(DMA-co-LMA-coGMADPA) and P(DMA-co-GMADPA-ODC) measured in CDCl3. Note aThe repeat unit numbers
and the mole fraction of the monomers were calculated using 1H NMR. The mole fraction of LMA,
GMADPA, and GMADPA-ODC relative to DMA was determined based on the peak areas of
corresponded protons in 1H NMR spectra.
Figure 5.2. 1H NMR spectra of copolymers and Zn-SCNPs of (a) P(DMA105-co-LMA27-coGMADPA37) and (b) P(DMA219-co-GMADPA-ODC28) polymers measured in acetone-d6 and
D2O.
Figure 5.3. Temperature-dependent 1H NMR spectra of (a) Zn2+-P(DMA105-co-LMA27-coGMADPA37) and (b) Zn2+-P(DMA219-co-GMADPA-ODC28) measured in pure D2O.
Figure 5.4. (a) The first-order reaction kinetics for DTBC oxidation catalyzed by different SCNPs.
(b) Michaelis–Menten plots DTBC oxidation catalyzed by Cu-GMADPA and Cu-polymers. (c)
The table to summarize the kinetic parameters and the first order rate constants for DTBC
oxidation. Reaction conditions for DTBC oxidation: [DTBC] = 125 M; [Cu] = 50 M; T = 37
o

C. Oxygen was purged throughout the oxidation reaction.

Figure 5.5. 1HNMR spectra of (a) 2-hydroxy-3-(dipicolylamino) propyl methacrylate (GMADPA)
and (b) 3-(dipicolylamino)-2-(dodecanoyloxy) propyl methacrylate (GMADPA-ODC) measured
xviii

in CDCl3. The peaks at 8.56 ppm (peak a), 7.62 ppm (peak c), 7.32 ppm (peak d), 7.16 ppm (peak
b) corresponded to the protons of pyridine groups, and 4.20-3.90 ppm (peaks e, g, h) corresponded
to methylene protons confirmed the successful ring opening reaction of epoxides with DPA
ligands.
Figure 5.6. (a) UV-vis spectra of different Cu-polymers and Cu(NO3)2 measured in water.
Cu(NO3)2 has absorption at 810 nm whereas the Cu-polymers has at 676 nm showing the
coordination of Cu to the DPA ligands.
Figure 5.7. (a) Schematic representation of DTBC oxidation reaction. UV-vis spectral changes for
the oxidation of DTBC catalyzed by Cu-GMADPA (left), SCNP-1 (middle) and (d) SCNP-4
(right). Spectra collected at the interval of 30 sec for a period of 5 min. (c) Reaction conditions:
[DTBC] = 125 ; [Cu] = 50 M; T = 37 oC; solvent = acetonitrile/water (7/3 vol). O2
concentration was kept constant by bubbling the reaction solution with O2 throughout the oxidation
reaction.
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1.1

Introduction
Motivation
Nature has always been a great source of inspiration for a chemist to develop new catalytic

systems. The biological catalysts found in nature are known as proteins/enzymes, are folded
macromolecules with a precise and organized three-dimensional structure. Most of the enzymes
have small molecules or metal ions as co-factors.1 In specific, metalloenzymes (contain metal ions
as co-factors) are the most fascinating catalytic systems; catalyze various reactions with high
selectivity by outperforming the synthetic catalysts. It appears that the first, second and outer
coordination spheres play a crucial role in tuning the reactivity of the metal active center for the
activity, selectivity, and specificity. In addition, remote interactions such as H-bonding,
electrostatic and other Vander Waal interactions etc. also contribute to the activity or selectivity.
Furthermore, the mobility, dynamics and/or conformational changes of the protein chain can help
in adopting the most suitable geometry for the metal active site.2-4 The last two decades have
witnessed many attempts to mimic these metalloenzyme’s activity by using synthetic metal
complexes or by hybrid catalytic systems.5-9 The incorporation of metal active centers into
macromolecules/polymers has led to the design of new materials called “metal-containing
polymers or metallopolymers”. The macromolecular/polymer environment in metallopolymers is
reminiscent of proteins and is expected to be the potential enzyme mimicking models.
1.2

Metallopolymers
There have been great achievements made in recent years in the field of metallopolymers

for exploration of their applications. Owing to the unexceptional properties of these
1

metallopolymers found their applications in different areas such as sensors, drug delivery, liquid
crystal displays, shape memory materials, light-emitting devices, solar cells, hydrogels,
thermoplastic elastomers, conducting polymers for battery applications, and catalysis.10-13
Metallopolymers contain a variety of metal centers from main group metals to transition metals and
lanthanides. Metallopolymers can be broadly divided into three groups based on the location of the
metal centers in the polymer chain as shown in Figure 1.1.
Metal-containing polymers

Metal ion/complexes are part
of the side chain of the
polymer

Electrostatic interactions

Coordination linkage

Metal ion/complexes
are part
of the polymer chain

Metal ions/complexes are
physically
incorporated into polymer chains

Covalent linkage

Coordination linkage

Covalent linkage

Figure 1.1. Schematic representation of the different types of metal-containing polymers. Figure
was redrawn from reference14
Group I. In this group, the metal centers are bound to the side chain of the polymer. Based on the
type of interactions between the metal center and the polymer chain, this group can be subdivided
into three categories.
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Type 1: In this type, the metal ions are attached to a polymer chain by using electrostatic
interactions.
Type 2: In this type, the metal ions are grafted onto polymers by using metal-ligand coordination.
Type 3: In this type, the metal ions are covalently attached to the polymer chains.
Group 2: In this group, the metal centers are part of the polymer main chain. The ligand of a metal
center is part of a polymer chain or network.
Group 3. In this group, the metal ions/complexes are physically incorporated into polymer chains.
These metal ions get stabilized by the polymer backbone.
1.3

Single chain polymers (SCNPs)
The intramolecular cross-linking of individual polymer chains results in the formation of

small polymeric nanoparticles called “single chain polymer nanoparticles (SCNPs)”. These
SCNPs have gained a promising interest in the field of polymeric materials because SCNPs are
soft nano-objects with tunable sizes (2-20nm).15-17 The intramolecular cross-linking of the polymer
chains are generally performed under dilute conditions (typically ~1 mg mL−1). The most
commonly used method for the preparation of SCNPs is the intramolecular collapse or crosslinking of the linear polymer chains into architecturally defined nanostructures (Figure 1.2).18
Several synthetic methodologies have been developed for the preparation of SCNPs.19-21 The
methodologies to construct SCNPs from their parent polymers can be categorized into four groups
as shown in Figure 1.2: (i) intrachain collapse of homofunctional groups, in which the crosslinking between identical functional groups of the polymer chain; (ii) intrachain collapse of
heterofunctional groups, in which the cross-linking reaction between hetero/complementary
functional groups from the polymer chain; (iii) intrachain collapse by external crosslinker, in
3

which the cross-linking reaction induced by an external crosslinker; and (iv) intrachain collapse
of one block of a di or tri-block copolymers, in which the cross-linking reaction takes place only
in one of the blocks of a block copolymer.18 Furthermore, the intramolecular interactions used for
crosslinking the linear polymers for the preparation of SCNPs are mainly based on covalent,
dynamic covalent, or noncovalent interactions.17, 19-22

Figure 1.2. Schematic representation of the different methods of preparation of SCNPs: (a) Homofunctional chain collapse; (b) Hetero-bifunctional chain collapse; (c) Cross-linker-mediated chain
collapse;(d) One-block collapse of diblock or triblock copolymers. Adapted from reference18
1.4

Metal-containing SCNPs
Of different types of interactions involved in the preparation of SCNPs, metal-ligand

coordination is one type of non-covalent interactions used for cross-linking the polymers into
metal-containing SCNPs (M-SCNPs). There are two ways to incorporate metals in a folded
polymer network: (i) “hydrophobic cavity approach” in which the parent random copolymers
contain metal catalytic sites are self-folded in water resulting in the formation of M-SCNPs with
the presence of metal catalytic sites in hydrophobic domains, and (ii) “simultaneous metal-biding
and folding”, in which the parent random copolymers are self-folded via metal-ligand coordination
as shown in Figure 1.3.23 These M-SCNPs are the group-1 type of metallopolymers and closely
mimic the enzymes in structure and activity.24-27
4

Bio-mimetic SCNPs

Hydrophobic domain
approach

Simultaneous
binding and collapse

Figure 1.3. Different approaches to incorporate metals into SCNPs for the preparation of biomimetic SCNPs. Adapted from reference23
One of the first observations on intrachain cross-linking of polymers via metal-ligand
coordination by Yuanli Cai et al. to prepare amphiphilic block copolymer micelles.28 They
synthesized

block

copolymers

of

poly[N-(6-(3,5-di-tert-butyl-2-

hydroxybenzylideneamino)hexyl)methacrylamide-b-2-hydroxyethylmetacrylate]

(PDBHHMA-

b-PHEMA) for the preparation of metal cross-linked micelles in methanol or dichloromethane.
The coordination in micellar cores of DBHHMA groups with cobalt ions proceeded either by
intrachain or interchain cross-linking based on the addition of a good solvent to the micelles. The
small amount of DMF led to intrachain coordination. The same group have been continuously
working on M-SCNPs and reported a couple of reports on Cu(II)-containing SCNPs via Cu(II)imidazole coordination. Since then, a lot of effort has been placed towards the construction of MSCNPs and followed by their catalysis applications. Table 1.1 highlights some of the reports on
M-SCNPs, along with the parent copolymers used, as well as the metal-ligand cross-link that was
used for the preparation of corresponding M-SCNPs.
Ibon Odriozola et al. developed Gd(III) based SCNPs as potential MRI contrasting
agents.28 The SCNPs were formed by intramolecular cross-linking of poly(tert-butyl acrylate-co-
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2-azidoethyl methacrylate) with a small molecular complex of Gd(III) with alkyne groups via
Cu(I)-catalyzed click cycloaddition reaction.
Table 1.1 Summary of different SCNPs prepared via metal-ligand coordination
Entry

Polymer

Metal-ligand cross-linking point

Reference

29

1
Gd

=

2

30-32

3

24

4

33

6

5

34

6

35

7

36

8

37

9

38

7

39

10
M = Cu2+, Co2+, Ni2+, Zn2+,
Fe2+, Mg2+, and Pd2+

11

40

12

41

M =Ni2+, Fe2+

Lemcoff and co-workers developed organometallic Rh(I)-based SCNPs by intramolecular
crosslinking of the poly(1,5-cyclooctadiene) (PCOD) polymer with [Rh(Cl)(C2H4)2]2 via ligand
exchange reaction of labile ligands of rhodium complex and 1,5-diene groups of PCOD.30 Later,
they extended their methodology to prepare iridium(I), nickel (0), and even bimetallic SCNPs.31,
32

Ni(0)-SCNPs were obtained by in situ reduction of nickel(II) acetylacetonate in the presence of

PCOD polymer. Finally, they examined the catalytic activity in cross-coupling reactions and
benzamide reductions for Rh(I)-and Ir(I)-based systems, respectively, and compared them with
traditional Rh(I) and Ir(I) metal complexes.
Later, Pomposo group developed Cu-SCNPs from a poly(methylmethacrylate-co-2(acetoacetoxy)ethyl methacrylate) (P(MMA-co-2AEMA)) polymer via intramolecular interaction
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of Cu(II) with diketo groups of AEMA monomer.24 These Cu-SCNPs were catalytically active at
low concentrations of Cu(II) ions in oxidative coupling reactions of terminal acetylenes.
Surprisingly, Cu-SCNPs showed a high substrate selectivity and reactivity during the oxidative
coupling of mixtures of different terminal acetylene substrates. In another work, Paik et al.
reported colored Cu-SCNPs based on the intrachain copper phthalocyanine complex formation by
cyclotetramerization reaction between CuCl and the phthalonitrile groups from polystyrene-copoly[4-((4-vinylbenzyloxy)phthalonitrile] polymers.33
The Barner-Kowollik group in one of their first reports on the use of metal-induced
polymer collapse to fold polymers, they reported Pd-driven collapse of a homotelechelic polymer
having triphenylphosphine (TPP) ligands.42 The formation SCNPs, referred to as single-chain
metal complexes (by the authors) via ligand exchange reaction between TPP ligands of the
polymer and Pd(COD)Cl2. Later, they extended their work by developing new polymers with the
TPP ligands in the side chains of polystyrene-based copolymers for the preparation of Pd(II)SCNPs using Pd-TPP coordination.34 These Pd-SCNPs showed catalytic applications in the
Sonogashira coupling reaction between 2-bromopyridine and phenylacetylene but the conversion
was not promising when compared to the model complex of [Pd(PPh3)2Cl2]. The same group later
developed recyclable homogeneous Pt-SCNPs using similar Pt-TPP groups coordination.38 The
catalytic application of these Pt-SCNPs was demonstrated for the amination of allyl alcohol, and
the results showed that Pt-SCNPs have similar activity and selectivity when compared to small
molecular homogeneous catalysts.
In another work by Pu et al. developed Fe(II) based SCNPs via Fe2+-terpy coordination of
poly(N-hydroxyethylacrylamide-co-4′-(propoxy urethane ethyl acrylate)-2,2′:6′,2″-terpyridine)
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(P(HEAm-co-EMA-Tpy)) polymer.36 Also, the reversible nature of these Fe-SCNPs was
demonstrated by the addition of NaOH to break the Fe-terpy coordination.
Another elegant work by Zimmermann and co-workers on water-soluble Cu-SCNPs,
prepared via intramolecular cross-linking of aspartate containing polyolefins with Cu(II) ions.37
They demonstrated the activity of these nanoscale catalysts for alkyne−azide “click chemistry”
reactions at low parts per million (ppm) levels by in situ generation of Cu(I) with sodium ascorbate.
The great advantage of their system at ppm concentration level is low toxicity, making them, green
catalysts for biocompatible click chemistry. They demonstrated intracellular catalysis of efficient
click reactions in live cells such as NCI-H460 (human non-small cell lung carcinoma) and MDAMB-231 (human breast cancer) cells.
Hübner and co-workers prepared different M-SCNPs based on intrachain coordination of
pyridine moieties a poly(n-butyl acrylate-co-4-vinyl pyridine) (P(nBA-co-4VP)) polymers with
different metal ions such as Cu2+, Co2+, Ni2+, Zn2+, Fe2+, Mg2+, and Pd2+.39 They investigated the
activity of the Pd(II) crosslinked SCNPs of P(nBA-co-4VP) in the Suzuki–Miyaura cross-coupling
reaction. Very recently, Taton and co-workers developed Palladium-based SCNPs using
coordination between Pd(II) and N-heterocyclic carbene (NHC) ligands.40 They demonstrated the
catalytic activity towards Suzuki coupling reactions in water, catalyzed by Pd-NHC containing
SCNPs and observed that Pd-SCNPs greatly improved the catalytic activity compared to a
molecular catalyst of Pd(OAc)2.
1.5

Bio-inspired SCNPs
Very recently, SCNPs have emerged as enzyme mimicking type of catalysts inspired by

the proteins or enzymes. Proteins undergo folding forming globular structures and unfolding
during the catalysis are responsible for the substrate specificity/selectivity of the protein or
10

enzyme. SCNPs formed from metal-ligand cross-linking are potential candidates for enzyme
mimicking systems. The obtained SCNPs with metal sites in a polymer pocket is pretty much an
alternative way of designing metalloenzymes and it is believed that metal sites in a synthetically
collapsed polymeric framework provide an avenue to fine-tune the reactivity.43
Pomposo et al. reported enzyme mimicking the activity of SCNPs having
organocatalysts.44 These SCNPs were constructed from B(C6F5)3- assisted intramolecular crosslinking of glycidyl groups of the parent copolymers via ring-opening polymerization and B(C6F5)3
binding to an ether, carbonyl functional groups of the SCNPs through B…O interactions. Thus,
formed SCNPs, displayed polymerase-like activity towards the polymerization of tetrahydrofuran
(THF) via ring opening reaction. The same group extended their work to prepare water-soluble
copper containing SCNPs.45 These Cu-SCNPs were prepared by intramolecular copper
coordination to diketo groups of amphiphilic random copolymers of poly(oligoethylene glycol
methyl ether methacrylate-co-2‐acetoacetoxy ethyl methacrylate) (P(OEGMA-co-AEMA)).
Finally, the polymerase mimicking activity towards the synthesis of water‐soluble polymers and
thermoresponsive hydrogels under reductive conditions was demonstrated under reductive
conditions.
Later, Zhang et al. prepared a series of bio-inspired chiral salen Ti(IV) complex containing
SCPNs by using hydrophobic cavity method.27 The parent amphiphilic copolymers were prepared
from thermoresponsive monomer N-isopropylacrylamide (NIPAm), and vinylimidazolium ionic
liquid-modified chiral salen Ti(IV) complex (IL/Ti(salen)). TiIV-SCNPs were formed in water
using supramolecular hydrophobic interactions. Enzyme-like activity was evaluated by
enantioselective oxidation of various sulfides in water. TiIV-SCNPs outperformed traditional
chiral TiIV-salen complex with excellent yields (90–99%) and enantioselectivities (ee, 85–99%).
11

Additional, TiIV-SCNPs could be recovered due to the thermo-responsiveness of NIPAm groups
and reused up to seven times without losing the activity and selectivity.
Meijer and Palmanas groups developed Ru-SCNPs with catalytic Ru sites in a hydrophobic
pocket inspired from globular structures of enzymes.46 These SCNPs were prepared by two-stage
collapsing of parent terpolymers via hydrogen-bonding interactions and helical self-assembly of a
benzene-1,3,5-tricarboxamide group. The catalytic activity of Ru-SCNPs towards the
hydrogenation reactions in water was demonstrated. The catalytic activity was attributed to the
formation of ruthenium-protecting hydrophobic compartments inside the SCNPs. The same group
explored a new family Class I aldolase enzymes inspired SCNPs containing L-proline
organocatalyst and consequences of collapsing in the water on catalysis.44 The catalytic activity of
these SCNPs was demonstrated by a model aldol reaction between p-nitrobenzaldehyde and
cyclohexanone.47
1.6

Aim and outline of the thesis
The work described in this thesis was aimed at obtaining insights into polymer promoted

activity of different bio-inspired metal-containing SCNPs. The design of parent polymers with
predefined functional groups that can bind to metal ions which also serve as potential
intramolecular cross-links led us to prepare various metal-containing SCNPs for catalysis
applications. We report on three different enzymes inspired synthesis, characterization and
catalysis applications of M-SCNPs. We provide detailed information about the structure of these
novel SCNPs by using a wide range of characterization techniques. We tried to understand how
the polymer frameworks promote the activity. Such an understanding of polymer promoted
catalysis is in turn essential for the future design of M-SCNPs for next generation of enzyme
mimicking systems.
12

In Chapter 2, inspired from the carbon monoxide dehydrogenase enzyme, we designed and
prepared

thiol-functionalized

copolymers

of

methacrylate-co-2-(3-mercaptopropanoyloxy)ethyl

poly(methyl

methacrylate-co-hydroxyethyl

methacrylate)

(P(MMA-co-HEMA-co-

MPEMA)). Ni2+ ions were incorporated into via intramolecular coordination of Ni-thiolate
complexation of the polymer under dilute condition yielded Ni-SCNPs. As prepared polymer and
its Ni-SCNPs were characterized carefully. Since the Ni-SCNPs didn’t exhibit strong absorption
in the visible region, we prepared a hybrid catalyst of Ni-SCNPs/TiO2 where TiO2 was used a light
absorber. Finally, the catalytic activity of hybrid catalysts was tested towards photochemical CO2
reduction was demonstrated in DMF/acetonitrile solvent under a UV light source. We compared
our results with the small molecular complex of Ni-dodecane thiolates.
Chapter 3 describes the investigations of polymer promoted selective hydroxylation reactions
of phenol substrates catalyzed by Cu-SCNPs. Inspired form type-3 copper enzymes, we designed
and prepared an imidazole containing copolymers of poly(methyl methacrylate-co-3-imidazolyl2-hydroxypropyl methacrylate) (P(MMA-co-IHPMA)). The Cu-SCNPs were then prepared via
intramolecular coordination of Cu-imidazole complexation. The polymers and Cu-SCNPs were
then characterized. We examined the catalytic activity of these Cu-SCNPs towards the
hydroxylation of phenols in water at 60 oC using H2O2 as an oxidant. The results indicated that
the selectivity was largely influenced by the dynamics of the polymer chain. A more flexible
polymer with less content of imidazoles (Cu sites) showed higher selectivity over the less flexible
polymer. In other words, less flexible polymer allowed cooperative catalysis of adjacent Cu sites
in a folded polymer framework. Also, we found that the steric hindrance of polymer framework
yielded unsaturation of coordination of Cu sites, is detrimental for the cooperative catalysis.
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To overcome this limitation, we have successfully designed and synthesized a monomer 2hydroxy-3-(dipicolylamino) propyl methacrylate (GMADPA) with well-defined coordination site
for Cu. A series of copolymers of poly (N,N’-dimethylacrylamide-co-2-hydroxy-3(dipicolylamino) propyl methacrylate) (P(DMA-co-GMADPA)) were designed and synthesized
and followed by Cu-polymers. The enzymatic activity of these Cu-polymers catalyzed the
oxidation of ascorbic acid (AA) and 3,5-di-tert-butylcatechol (DTBC) with O2 as an oxidant in
water was studied. The catalytic activity results indicated that it was greatly dependent molar
content of Cu sites in the copolymers and polymer flexibility. The kinetic enhancement was
demonstrated through flexible polymer-promoted cooperative catalysis among multi-Cu sites
despite the imposed thermodynamic barrier.
Chapter 5 describes the hydrophobicity enhanced cooperative catalysis of type-3 copper
containing SCNPs. Dipicolylamine (DPA)-functionalized amphiphilic copolymers poly (N,N’dimethylacrylamide-co-3-(dipicolylamino)-2-(dodecanoyloxy) propyl methacrylate) (P(DMA-coGMADPA-ODC)) were used as parent copolymers for the incorporation of Cu sites via Cu-DPA
coordination. The Cu-SCNPs were prepared by self-folding of Cu-polymers in water using
hydrophobic interactions of dodecyl groups. The catalytic activity of these hydrophobic confined
Cu-SCNPs was demonstrated by the oxidation of a model hydrophobic catechol substrate in
acetonitrile/water using O2 as an oxidant. The hydrophobic effect on the activity was assessed by
choosing another control Cu-SCNPs with the Cu site are outside the hydrophobic domains. Finally,
the conclusions and outlook of this thesis are described in Chapter 6.
1.7
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“Enzymatic” photoreduction of CO2 using polymeric metallofoldamers
containing Ni-thiolate co-factors
Adapted from a paper published in ChemCatChem, 2017, 9, 1157-1162
Srinivas Thanneeru, John K Nganga, Alireza Shirazi Amin, Ben Liu, Lei Jin, Alfredo M
Angeles‐Boza* and Jie He*

2.1

Abstract
We report photoreduction of CO2 using enzyme-mimicking polymeric metallofoldamers

containing Ni-thiolate co-factors. Metallofoldamers consisting of folded polymers incorporated
with Ni-thiolate complexes were prepared via intramolecular Ni-thiolate coordination with thiolfunctionalized linear copolymers. The folded polymer backbone can resemble the protein
framework to provide a second coordination environment to active sites. We show that Nimetallofoldamers are superiorly active and selective for CO2 photoreduction. At 80 oC, the
turnover frequency of Ni-metallofoldamers can reach 0.69 s-1, corresponding to 2500 turnovers
per hour per Ni site. Our findings are expected to provide useful guidelines to investigate artificial
enzymes and to understand the role of protein frameworks in photosynthesis.
2.2

Introduction
New catalytic materials that can effectively capture and sustainably convert CO2 to carbon-

based fuels are of great interest.1-8 In nature, a number of metalloenzymes (e.g. carbon monoxide
dehydrogenase (CODH) and formate dehydrogenase) are known to be highly active for various
conversion pathways in biological metabolism of CO2.9-16 All of these metalloenzymes contain
metal-thiolates as co-factors.7 For example, CODH isolated from the anaerobic bacterium
Carboxydothermus hydrogenoformans can catalyze thermodynamically reversible conversions
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between CO2 and CO at a complex Ni-, Fe-, and S-containing metal-thiolate site, namely [NiFe4S4] C-cluster.17 The enzymatic conversion of CO2 has advantages, e.g. high binding affinity,
excellent product selectivity, and minimum energy input. Inspired by metalloenzymes,
considerable effort has been made to synthesize mimics that can catalyze analogous
transformations found in natural systems.18-21 However, the overall efficiency of artificial
photosynthetic systems is still poor. A key feature lacking in current photocatalytic systems is
thought to be protein frameworks that act as the second coordination sphere of active sites to
stabilize metal-thiolates and to promote the selective reduction of CO2.22, 23
Herein we propose a new class of “metallofoldamers” that consists of folded discrete
polymers incorporating metal-thiolates. The folded polymer backbone is hypothesized to resemble
protein frameworks as a second coordination environment to promote the specific binding of CO2
to metal-thiolates. Our synthetic strategy is based on using intramolecular metal-thiolate
coordination to trigger the self-folding of linear polymers.24-31 Self-folding of individual polymer
single chain usually occurs at a dilute solution of polymers where the intermolecular entanglement
is minimized. The folded polymer single chains have an average size of 2-10 nm, close to the size
of metalloenzymes. The folded chains can retain the rich functionalities of the linear polymers
which potentially act as the second coordination environment to metal-thiolates. The design
principle of metallofoldamers is illustrated in Scheme 2.1. When adding metal ions into a thiolfunctionalized polymer, the metal-thiolate coordination occurs only intramolecularly thus driving
the folding of individual polymer chains. Thiol is one of the most widely used ligands in nature
and it can bind strongly to a variety of metal ions, e.g. Ni2+, Zn2+, and Co2+.18, 32-36 The formation
of metal-thiolates thereby occurs simultaneously within the folded polymer backbone. Our design
features hydroxyl groups expected to act as hydrogen bond donors and acceptors that aid in the
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activation of CO2. These “local proton sources” are important in CO2 reduction catalysis as
recently demonstrated by Costentin, C. et al.37 We demonstrate that the metallofoldamer with Nithiolates is highly active and selective for CO2 reduction to CO. At 80 oC, the turnover frequency
(TOF) of the Ni-metallofoldamer can reach 0.69 s-1, corresponding to 2500 turnovers per hour per
Ni site. The polymer framework thus not only structurally resembles a protein environment to
support the growth of metal-thiolates but also has a synergetic impact on Ni-thiolates by
modulating the secondary coordination of the catalytic sites. Metallofoldamers are inexpensive,
easy to synthesize without any special handling, highly stable at elevated temperatures and aerobic
conditions, and extremely tolerable to various solvents, e.g. water and organic solvents. Compared
to metalloenzymes, metallofoldamers are very efficient and durable mimics.
2.3

Results and discussion

Scheme 2.1. Illustration of the thiol-functionalized linear copolymer P(MMA335-co-HEMA73co-MPEMA50) and its intramolecular self-folding with metal-thiolate coordination.
As a proof-of-concept, a thiol-functionalized copolymer of poly(methyl methacrylate-cohydroxyethyl methacrylate-co-2-(3-mercaptopropanoyloxy)ethyl methacrylate) (denoted as
P(MMA-co-HEMA-co-MPEMA)) was designed via post-functionalization. Briefly, the parent
copolymer of P(MMA335-co-HEMA123) was first prepared via reversible addition-fragmentation
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chain transfer (RAFT) polymerization. Thiol moieties were subsequently introduced to
P(MMA335-co-HEMA123) through the esterification reaction of HEMA and 3-mercaptopropionic
acid. The post-functionalization was confirmed by 1H NMR spectroscopy and size-exclusion
chromatography (SEC) (see synthetic details in Figures 2.5-2.6). The grafting ratio was estimated
to be ca. 41%, to give thiol-functionalized copolymer of P(MMA335-co-HEMA73-co-MPEMA50)
with a number-average molecular weight (Mn) of 35 kg/mol as confirmed by SEC (Figure 2.6).

Figure 2.1. (a) SEC elution curves of the linear copolymer and metallofoldamers of P(MMA335co-HEMA73-co-MPEMA50) at different reaction times after adding NiCl2: (from bottom to top) 0,
30, 85, 140, 195, 250, 305, 360 and 840 min respectively. (b) Plotting the number average
molecular weight and dispersity of metallofoldamers as a function of reaction time. (c) SEC traces
of metallofoldamers at different ratios of Ni-to-thiol: (from bottom to top) 0, 0.1, 0.125, 0.167.
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0.23. 0.33 moles respectively. (d) Plotting the number average molecular weight and dispersity of
metallofoldamers against Ni-to thiol ratios.
To promote the efficient intramolecular self-folding, the metal-thiolate coordination was
carried out in a good solvent of the copolymer (e.g. tetrahydrofuran (THF)) at a very dilute
concentration. Nickel chloride was used as a metal source to complex with the copolymer. To do
so, 20 mg of P(MMA335-co-HEMA73-co-MPEMA50) was first dissolved in 40 mL of anhydrous
THF (0.5 mg/mL). After stirred for 1 h at room temperature, an ethanol solution of NiCl2 was
added dropwise to the polymer solution. At a fixed molar ratio of Ni-to-thiol (1:6), the
intramolecular self-folding of the copolymer was first evidenced by time-resolved SEC
measurements (see Figure 2.1a). The elution curves were collected at an interval of 55 min. The
gradual increase in retention time indicated a decrease in hydrodynamic volumes of the copolymer.
The self-folding was kinetically fast and completed within 3 hrs (Figure 2.1b). The apparent
molecular weight decreased from 35 to 16.3 kg mol-1 after 12 hrs, corresponding to the shrinkage
of hydrodynamic volumes by ~55%. No other peaks were observed in SEC elution curves. Overall,
the data indicated the occurrence of intramolecular self-folding of discrete polymer chains.

The formation of Ni-thiolates was confirmed by UV-vis spectroscopy (Figure 2.2a). The UVvis absorption spectrum of the linear copolymer P(MMA335-co-HEMA73-co-MPEMA50) did not
show any obvious peaks in the range of 320-600 nm; while a solution of NiCl2 in THF had a strong
peak at 448 nm in the absence of polymers. In contrast, metallofoldamers displayed three distinct
peaks at 530, 419 and 334 nm, attributed to the characteristic S-to-Ni charge-transfer electronic
transitions. Similar absorption bands are present in the Ni-thiolate clusters obtained from NiCl2
and dodecanethiol (DT) as our control experiment (Figure 2.2a). The absorbance characteristic of
metallofoldamers is also consistent with previously reported Ni- thiolate clusters.35, 38-40 To further
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identify the coordination of Ni-thiolate, the change in functional groups were analyzed by Raman
spectroscopy (Figure 2.2b). The Raman spectrum of the linear copolymer P(MMA335-co-HEMA73co-MPEMA50) had a sharp peak at 2578 cm-1, originating from the stretching vibration of thiols
(S-H bond). The disappearance of the S-H stretching peak was observed after the formation of
metallofoldamers; meanwhile, two broad peaks at 168 and 310 cm-1 were seen for
metallofoldamers due to the asymmetric Ni-S stretching mode.41 These spectral findings evidenced
the formation of Ni-thiolates.

Figure 2.2. (a) UV-vis spectra of the linear polymer and the metallofoldamers of P(MMA335-coHEMA73-co-MPEMA50), NiCl2, and Ni-dodecane thiolate (DT) in THF. The concentration of the
linear polymer and its metallofoldamers is 5 mg/mL. The concentration of Ni-DT clusters is 4
mg/mL. (b) Raman spectra of the linear polymer (bottom, black) and its metallofoldamer (top, red)
P(MMA335-co-HEMA73-co-MPEMA50) (c) TEM image of the metallofoldamer of P(MMA335-coHEMA73-co-MPEMA50). The inset is the size distribution of metallofoldamers by averaging > 100
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foldamers from the TEM image. (d) Hydrodynamic radius of the linear polymer (black, right) and
its metallofoldamer (red, left) in THF solution.
The loading amount of Ni-thiolates in discrete metallofoldamers is readily tunable by
varying Ni-to-thiol ratios. The binding stoichiometry of Ni-to-thiol was measured using
concentration-dependent UV-vis absorption spectroscopy as summarized in Figure 2.7. When
adding NiCl2 to P(MMA335-co-HEMA73-co-MPEMA50), the formation of Ni-thiolate bonds led to
the increase of absorbance at 334 nm. After the binding of Ni ions within metallofoldamers reached
saturation coordination, the absorption at 448 nm assigned to free Ni2+ ions slowly appeared. The
maximum binding of Ni-to-thiol was estimated to be 0.15 by simply normalizing the absorption
of Ni-thiolates to Ni-to-thiol ratios. Additionally, the binding stoichiometry of Ni-to-thiol was
determined by SEC, when varying Ni-to-thiol equivalences from 0.1 to 0.33 (Figures 2.1c and d).
The increase in retention time and the decrease in molecular weight were clearly present even at a
low concentration of Ni2+ ions. The molecular weight of metallofoldamers reached ca. 16 kg mol1

at a Ni-to-thiol ratio of 0.16; and nearly no further change in retention time was observed when

increasing the content of Ni2+ ions. These results suggested that the saturation binding of Ni within
metallofoldamers occurred at a Ni-to-thiol ratio of 0.16, in close agreement with UV-vis titration
results. The Ni-loading within the metallofoldamers was further evaluated using atomic absorption
spectroscopy. At a given Ni-to-thiol equivalence of 0.17, the number of Ni2+ ions presented within
individual metallofoldamers is estimated to be ca. 4.7 (see SI for details). It is slightly smaller
compared to the feeding ratio of Ni-to-thiol, likely due to the removal of free or weakly bound
Ni2+ ions during purification.
Transmission electron microscopy (TEM) studies reveal that metallofoldamers have an
average diameter of 7.7 ± 2 nm (Figure 2.2c). The obtained size is close to that of polymer
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Figure 2.3. (a) XPS survey spectrum of the metallofoldamer. (b,c) High-resolution XPS
spectra of Ni 2p (b) and S 2p (c): NiCl2 (top) and metallofoldamer (bottom) in (b); and
metallofoldamer (top) and linear copolymer (bottom).
foldamers reported previously.29, 42-47 Metallofoldamers show a non-spherical morphology under
TEM which may be due to the flattening of soft polymers during drying. The size of the
metallofoldamer was confirmed by dynamic light scattering (DLS). As given in Figure 2.2d, the
hydrodynamic diameter of the linear copolymer and Ni-metallofoldamer was measured to be 8.4
and 7.4 nm, respectively. An obvious decrease of the hydrodynamic diameter revealed the
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intramolecular collapse of the linear copolymer with the inclusion of Ni-thiolates leading to a
reduction of the hydrodynamic diameter.
Coordination of Ni-thiolates was further verified using X-ray photoelectron spectroscopy
(XPS). Figure 2.3a shows the survey XPS spectrum of metallofoldamers. The presence of Ni 2p
and S 2p peaks confirm the coexisting of Ni and S in metallofoldamers. The high-resolution XPS
spectra of the Ni 2p region present two peaks at 852.8 eV and 870.8 eV assigned to Ni 2p3/2 and
2p1/2, respectively (Figure 2.3b). A large decrease in binding energy is noted, compared to that of
NiCl2 where Ni 2p3/2 and 2p1/2 appear at 856.4 eV and 873.9 eV, respectively. It is also clear that
the broad satellite feature of free Ni2+ ions disappears after Ni-thiolate coordination. These results
imply, i) the formation of partially metallic clusters with Ni-Ni bridges, and ii) the linkage with
electron-rich S atoms.48 On the other hand, the S 2p peak of the linear copolymer shows one welldefined peak could be fitted to S 2p3/2 and 2p1/2 at 163.9 eV and 165.1 eV, respectively, assigned
to unbound free thiols. The intensity ratio of the two peaks is 2/1 (I2p3/2/I2p1/2), close to the
previously reported values.49 A broader S 2p peak was seen for the metallofoldamer with a long
tail at lower binding energy regions. Deconvolution of the S 2p peak led to two S 2p3/2 peaks at
163.9 eV and 162.3 eV, corresponding to the unbound thiols and bound thiolates, respectively.
The ratio of the two peaks is close to 1/1, indicating that the Ni-thiolate coordination occurred only
for half of thiols.
Our synthetic approach allows tuning the composition of metal-thiolate sites by simply varying
metal ions. Three different transition metal ions including Zn2+, Cu2+, and AuCl4- were
demonstrated to coordinate with thiols to form metal-thiolates. These results are summarized in
Figures 2.8-2.10 and Table 2.1. SEC measurements confirmed the intramolecular self-folding and
the formation of metallofoldamers by various metals.
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Figure 2.4. (a) Photocatalytic CO2 reduction over metallofoldamers as a photocatalyst, TiO2 as a
light absorber and triethanolamine as an electron donor under UV light (λ = 365 nm). (b) A kinetic
plot of the CO amount vs. irradiation time using metallofoldamers-TiO2 in DMF (red) and in
acetonitrile (black). The control experiments were performed using TiO2 (blue) and Ni-DT clusters
(magenta).
The photocatalytic activity of Ni-metallofoldamers for CO2 reduction was evaluated using
triethanolamine as a sacrificial electron donor. Since the Ni-metallofoldamer has very weak
absorption in the UV-vis range (300-700 nm), the photoactivity was evaluated using Degussa P25
(TiO2) as a light absorber.13 To do so, metallofoldamers were first physically adsorbed onto the
surface of P25 (see SI for experimental details). The photocatalytic activity of metallofoldamersTiO2 hybrids under UV light (low-pressure mercury lamps with a maximal output at 350 nm and
a total light intensity of 981 μW/cm2) in a mixture of DMF and triethanolamine (5:1, vol) saturated
with CO2. Upon exposure to UV light with photon energy larger than the band gap of TiO2, groundstate electrons in the valence band can be excited into the conduction band, where Ni-thiolate can
pull the electrons and get reduced. The reduced Ni sites can bind and thus reduce CO2 (Figure
2.4a). Sacrificial electron donors (i.e. triethanolamine) can further supply and replenish electrons
to the oxidized TiO2 to complete the electron transfer cycle.
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Gas and liquid products were analyzed by gas chromatography and NMR spectroscopy,
respectively. Metallofoldamers-TiO2 hybrid catalysts solely yield CO; no detectable H2 and
formate/formic acid were observed (see Figure 2.12). In contrast, pure TiO2 as photocatalysts can
only yield trace amounts of CH4 (< 1 ppm) and Ni-DT clusters show a minimum activity for CO2
reduction (also see Figure 2.11 for GC results). It suggests that the photocatalyst is highly selective
toward the CO2 conversion to CO. Figure 2.4b shows the evolution curves of CO using Nimetallofoldamers. The formation rate of CO in DMF is 2.2 mmol h- per 1 g of foldamers. This
value is much higher than the reduction rate of CODHs on TiO2, c.a. 250 μmol h-1 per 1 g 13 and
CODH in CdS quantum dot, ca. 60 μmol h-1 per 1 g.50 The origin of the carbon source for CO
evolution was confirmed by 13CO2 isotope-labeling experiment (see SI for experimental details).
Moreover, photocatalytic reduction of CO2 using metallofoldamers was also examined in CH3CN
which is a non-solvent for the PMMA backbone. The formation rate of CO is 1.8 mmol h-1 per 1
g of metallofoldamers, close to that obtained in DMF. This implies that the solvation of polymer
frameworks has a minimum impact on the binding and photoreduction of CO2.
The photostability of metallofoldamers was finally examined by re-charging CO2 and
recycling the photocatalysts. The catalytic activity was examined for a 12-h continuous experiment
and no noticeable change in the formation rate of CO was observed (Figure 2.13). We emphasize
that metallofoldamers are much more stable under harsh conditions, e.g. high temperature,
compared to CODHs. Considerably higher formation rate of CO and turnover frequency (TOF)
can be achieved at a higher temperature. At 80 oC, the formation rate of CO reached 243 mmol h1

per 1 g of metallofoldamers (Figure 2.14), two orders of magnitude faster than that at room

temperature. The TOF was 0.69 s-1 at 80 oC, corresponding to ca. 2500 catalytic turnovers per hour
per Ni site (see Tables 2.2-2.3). The photocatalytic activity and stability of these metallofoldamers
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are possibly endowed by the synergism of Ni sites and polymer frameworks. Although the detailed
binding and reduction mechanism of CO2 is currently not clear, the presence of the hydroxyl
groups from HEMA might play an important role since weak Brönsted acids can increase both the
catalytic efficiency and selectivity of metal-based catalysts.51, 52
2.4

Conclusion
In summary, we demonstrated a new type of enzyme-mimicking metallofoldamers for

photocatalytic reduction of CO2 to CO. Metallofoldamers were obtained using an intramolecular
self-folding via Ni-thiolate coordination within the thiol-functionalized linear copolymer. The
folded polymer backbone supporting the growth of Ni-thiolate complexes acted as a secondary
coordination environment to promote their photocatalytic activity. Compared to metalloenzymes,
metallofoldamers exhibited far better stability at evaluated temperatures and aerobic conditions
while showing remarkable activity and selectivity for CO2 photoreduction. A comprehensive study
of Ni-thiolate coordination and photoreduction mechanism of metalloenzymes, including their
analogs for CO2 photoreduction in water, is currently undergoing. Our findings are expected to
provide useful guidelines to investigate artificial enzymes and to understand the role of protein
frameworks in photosynthesis.
2.5

Experimental section

2.5.1 Materials
All chemicals were purchased from Aldrich and used as received unless otherwise noted.
Methyl methacrylate (MMA) and hydroxyethyl methacrylate (HEMA) were passed through a
basic aluminum oxide column prior to use. 2,2'-Azobis(isobutyronitrile) (AIBN) was recrystallized
twice from ethanol. The chain transfer agent (CTA), 2-(2-cyanopropyl) dithiobenzoate (CPDB)
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was synthesized according to a literature method.53 3-Mercaptopropionic acid, nickel(II) chloride,
copper(II) chloride anhydrous, zinc(II) chloride, gold(III) chloride trihydrate, hydrogen peroxide
(ACS, 30%), N,N'-dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP),
titanium (IV) oxide (P25, Evonik Industry, 21 nm, ≥99.5% trace metals basis) was used as
received. Dimethylformamide (DMF) was obtained from the solvent purification system (Glass
Contour). All the freshly prepared solutions were degassed under argon gas flow before
experiments.
2.5.2 Polymer synthesis
2.5.2.1 Synthesis of the random copolymer P(MMA335-co-HEMA123)
MMA (5.0 g, 50 mmol), HEMA (1.3 g, 10 mmol) and AIBN (3.4 mg, 21 μmol), CPDB
(27.6 mg, 125 μmol) were dissolved in 1.75 mL of anisole in a 25mL flask. The reaction mixture
was then degassed under vacuum and filled with nitrogen for 15 min. The flask was then sealed
and placed in a pre-heated oil bath at 60 oC. After 9 h, the reaction mixture was cooled down to
room temperature. The polymer was collected after three times of precipitation in hexane and dried
under vacuum for 24 h. The obtained polymer has a number-average molecular weight (Mn) of
29,000 g mol-1 and a molar-mass dispersity (Ð) of 1.25 according to the size exclusion
chromatography (SEC) measurement using polystyrene (PS) standards. From 1H NMR spectrum
(in CDCl3), the number of repeat units of MMA and HEMA were calculated to be 335 and 123,
respectively, to yield P(MMA335-co-HEMA123).
2.5.2.2 Synthesis of the random copolymer P(MMA335-co-HEMA73-co-MPEMA50)
The grafting of thiol moieties to the copolymer was done by esterification reaction. In a
typical synthesis, P(MMA335-co-HEMA123) (876 mg, 2.9 mmol HEMA), 3-mercapto propionic
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acid (614 mg, 5.8 mmol), DCC (1.2 g, 5.8 mmol) and DMAP (70 mg, 0.5 mmol) were first
dissolved in 35 mL of DCM. The reaction mixture was purged with nitrogen for 10 min and then
stirred for another 24 hr. After the reaction, the polymer solution was passed through a neutral
Al2O3 column to remove DCU salt using DCM as eluent. The solution was concentrated and
precipitated twice in hexane, dried under vacuum for 24 hr. The obtained polymer has Mn of 35,000
g mol-1 and a Ð of 1.21 according to SEC measurements using polystyrene (PS) standards. The
percentage of thiol functionalization in the copolymer chain calculated from NMR spectrum (see
Figure 2.5) is to 40% related to HEMA units, to yield P(MMA335-co-HEMA73-co-MPEMA50).
2.5.2.3 Preparation of metallofoldamers
20 mg of the linear copolymer of P(MMA335-co-HEMA73-co-MPEMA50) was first
dissolved in 40 mL of THF and stirred for 1 hr at room temperature. An ethanol solution of NiCl2
(0.7 mg, 3.3 μmol) (thiols to Ni, 6:1, mol) was added to the above solution dropwise. The mixture
was then stirred overnight. The solution was concentrated and precipitated in hexane. The yielded
metallofoldamer was further dried under vacuum at 40 oC.
Table 2.1. Molecular weight and dispersity of linear copolymers and metallofoldamers
Polymersa

Mnb (kg/mol)

Ð (Mw/Mn)

Dh (nm)c

P(MMA335-co-HEMA123)

29

1.25

-

P(MMA335-co-HEMA73-co-MPEMA50)

35

1.21

8.4

Ni-metallofoldamer

16.3

1.44

7.2

Cu-metallofoldamer

27.2

1.25

5.6

Zn-metallofoldamer

23.6

1.24

4.6

Au-metallofoldamer

24.5

1.31

-

H2O2-foldamer

25.5

1.20

-
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a

The repeat unit number was calculated from 1H NMR spectra. bThe number-average molecular
weights were determined by SEC using polystyrene for calibration. cThe hydrodynamic diameter
measured from dynamic light scattering measurements.

2.5.2.4 Characterizations
SEC measurements were performed on a Waters GPC-1 (1515 HPLC pump and Waters
717Plus auto-injector) equipped with a Varian 380-LC evaporative light scattering detector, a
Waters 2487 dual absorbance detector, and three Jordi Gel fluorinated DVB columns (1−100K,
2−10K, and 1−500 Å). THF was used as an elution solvent at a flow rate of 1.25 mL/min, and PS
standards were used for molecular weight and molecular weight distribution calibration. The data
were processed using Empower GPC software (Waters, Inc.). Proton nuclear magnetic resonance
(1H NMR) spectra were recorded on a Bruker Avance 400 MHz spectrometer. Ultraviolet-Visible
(UV-vis) spectra were collected with a Cary 60 UV-Vis spectrophotometer. Dynamic light
scattering (DLS) measurements were carried out using an ALV/CGS-3 MD goniometer system,
consisting of a 22 mW He−Ne laser (emitting vertically polarized light with a wavelength of 632.8
nm) and avalanche photodiode (APD) detector located at an angle of 900. The metal content in the
polymer was determined by atomic absorption spectroscopy (AAS) using a Perkin Elmer AA800
spectrometer. X-ray photoelectron spectra (XPS) were acquired on a Perkin-Elmer Physical
Electronics Model 5400 spectrometer. The operating conditions were as follows: Mg KR anode
(15 kV, 400 W); hemispherical analyzer (pass energy 35 eV); angle of collection 45°; analysis area
0.95 mm2; base pressure 3 × 10-8 Torr. Binding energies were charge referenced to the Au 4f

7/2

peak at 84 eV. Photoelectron spectra were interpreted by using a standard curve-fit routine (80%
Gaussian and 20% Lorenztian) with a Shirley background subtraction. Raman measurements were
performed using a Renishaw 2000 Raman scope attached to a charge-coupled device camera, with
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an Ar ion laser (514.4 nm) as the excitation source. Transmission electron microscopy studies were
carried out using 2006 Tecnai T12 TEM with an accelerating voltage of 120 kV. The TEM samples
were prepared by casting the suspension of assemblies on a carbon-coated copper grid (300 mesh).
2.5.2.5 Photocatalysis of Ni-metallofoldamers
To measure the photocatalytic activity of Ni-metallofoldamers, Ni-metallofoldamers were
first loaded with TiO2 nanopowders. Briefly, 20 mg of Ni-metallofoldamers was dissolved in 5 mL
of THF and 100 mg of TiO2 was dispersed in 20 mL of THF under sonication. Then, the two
solutions were mixed and stirred at room temperature in a fume hood to slowly remove THF. The
obtained dry powder of metallofoldamers/TiO2 hybrid catalyst was further dried under vacuum.
The hybridization of metallofoldamers/TiO2 catalysts was confirmed by FT-IR measurements.
Photocatalytic activity was further examined using the yield metallofoldamers/TiO2 hybrid
catalyst. 8 mg of metallofoldamers/TiO2 hybrid catalyst was first dispersed in a 20-ml DMF-TEOA
(5:1 v/v) solution. The hybrid catalyst was homogenized in the ultrasonic bath for 1 minute before
CO2 bubbling and photocatalysis. After CO2 bubbling for 20 min, the photoreduction was
conducted using a Rayonet photochemical reactor (Model RPR 200, manufactured by Southern
New England Ultraviolet Company, Brandford, CT) which can hold up to 16 phosphor coated-low
pressure mercury lamps (RPR 3500 Å) that emit maximal output at 350 nm. The light intensity of
16 lamps was measured to be 981 μW/cm2 using digital illuminance meter (LX1330B). Gas
products were analyzed by a gas chromatograph (SRI 8610C Multiple Gas Analyzer) equipped
with TCD-Methanizer-FID detectors and the MoleSieve 13X & Silica Gel columns. The column
start temperature was 51℃ (held for 1 min), then ramped at 8℃/min to an end temperature of 110
℃ (held for 2 min). For the sample analysis, a 1 mL sample of the gas was injected via the oncolumn injector by a gas-tight Hamilton 1001 SL SYR, syringe. The carrier gas used was helium.
32

CO produced during the reaction was analyzed using a Carbon Monoxide Analyzer from SENSIT
(http://www.gasleaksensors.com/products/sensit_co.html). We have previously calibrated this
probe and the results obtained are comparable to those obtained using gas chromatography. Liquid
products were analyzed by 1H NMR spectroscopy. For Ni-dodecanethiol clusters, the same
procedure was used to evaluate the activity.
Photocatalytic activity of Ni-metallofoldamers on TiO2 was also measured using 13CO2 to
confirm the origin of carbon source. Briefly, 8 mg of metallofoldamers/TiO2 hybrid catalyst in 20mL of CH3CN-TEOA (5:1, v/v) were introduced to the reaction vessel. The mixture was degassed
using freeze-pump-thaw cycles. Ground-glass joints were greased to ensure an air-tight seal and
prevent air leaking into the system. The solution was charged with 13CO2. The solution irradiated
using phosphor coated-low pressure mercury lamps for 2 hours. To analyze the gas phase, a 200
μl sample of the gas was injected into GC-MS (Agilent 5995) using a gas-tight syringe (Hamilton
1001 SL SYR). The abundance ratio of peaks at m/z 28 and 29 was calculated to evaluate the ratio
of 13CO and 12CO.
2.5.2.6

Calculation of Ni2+ in the polymer chain.

The saturation loading of Ni ions within metallofoldamers was estimated from AAS measurement.
For AAS experiment, 40 mg of Ni-foldamers was first digested using concentrated HNO3. Thus,
𝑛𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =

𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟
40 × 10−3 𝑔
=
= 8.03 × 10−7 𝑚𝑜𝑙
𝑀𝑝𝑜𝑙𝑦𝑚𝑒𝑟 49.8 × 103 𝑔/𝑚𝑜𝑙

In each polymer chain, the average number of thiol moieties is 50. So,
𝑛𝑡ℎ𝑖𝑜𝑙𝑠 = 𝑛𝑝𝑜𝑙𝑦𝑚𝑒𝑟 × 50 = 4.02 × 10−5 𝑚𝑜𝑙
From the calibration curve, the amount of Ni ions in 40 mg of Ni-foldamers is 0.22 mg. So the
total mole of Ni2+ is,
𝑛𝑁𝑖 =

𝑚𝑁𝑖 0.22 × 10−3 𝑔
=
= 3.75 × 10−6 𝑚𝑜𝑙
𝑀𝑁𝑖
58.7 𝑔/𝑚𝑜𝑙
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Thus, the number of Ni2+ in each polymer chains is
𝑁𝑁𝑖

𝑛𝑁𝑖,𝑡𝑜𝑡𝑎𝑙
3.75 × 10−6 𝑚𝑜𝑙
=
=
= 4.7
𝑛𝑝𝑜𝑙𝑦𝑚𝑒𝑟 8.03 × 10−7 𝑚𝑜𝑙

2.5.2.7 Calculation of TON and TOF
Table 2.2. Photocatalytic results of Ni-metallofoldamers at different irradiation times
µmol of CO

µmol of CO

µmol of CO

produced

produced

produced

(Acetonitrile)

(DMF)

(DMF at 80 oC)

30

0.9

1.4

139.3

60

1.9

2.4

232.6

90

3

4

474.1

120

5

6

634.7

Irradiation Time
(min)

TON and TOF are calculated based on the following equations
𝑇𝑂𝑁 =

𝑛𝐶𝑂 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑛𝑁𝑖 𝑖𝑛 𝑓𝑜𝑙𝑑𝑎𝑚𝑒𝑟

𝑇𝑂𝐹 =

𝑇𝑂𝑁
𝑇𝑖𝑚𝑒 (ℎ𝑜𝑢𝑟𝑠)

Table 2.3. TON and TOF of Ni-metallofoldamers in acetonitrile and DMF
Irradiation Time Acetonitrile at RT

DMF at RT

DMF at 80 oC

(min)

TON

TOF (hr-1)

TON

TOF (hr-1)

TON

TOF (hr-1)

30

7.2

14.4

11.2

22.4

1114.4

2228.8

60

15.2

15.2

19.2

19.2

1860.8

1860.8

90

24

16

32.0

24

3792.8

2528.5

120

40

20

48.0

24

5077.6

2538.8
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2.5.2.8 Supplement figures

Scheme 2.2. The synthetic routes of P(MMA335-co-HEMA123) and P(MMA335-co-HEMA73-coMPEMA50)
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Figure 2.5. 1HNMR (a) and 13CNMR (b) spectra of P(MMA335-co-HEMA123) (black, bottom) and
P(MMA335-co-HEMA73-co-MPEMA50) (red, top) in CDCl3. In (a), the peaks at 4.15 and 3.85 ppm
assigning to methylene protons from HEMA units showed a down-field shift to 4.2 and 4.3 ppm
after adding thiol moieties, respectively. Two new peaks appeared at 2.76-2.83 ppm,
corresponding to methylene protons from 3-mercaptopropionic acid. The grafting ratio was
estimated to be ca. 41% based on the integration of these methylene protons, to yield P(MMA335co-HEMA73-co-MPEMA50).

Figure 2.6. Size-exclusion chromatography (SEC) traces of P(MMA335-co-HEMA123) (black) and
P(MMA335-co-HEMA73-co-MPEMA50) (red) copolymers in THF. The molecular weight and
dispersity were calibrated using polystyrene standards. The apparent molecular weight of the
copolymer increased from 29 to 35 kg/mol after adding thiol moieties.
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Figure 2.7. (a) UV-vis absorption spectra collected upon titration of P(MMA335-co-HEMA73-coMPEMA50) polymer in THF with Ni2+ ions (from bottom to top) 0 to 0.33 (Ni-to-thiol, molar
ration), respectively. The blue line showing a peak at 420 nm is a control for pure NiCl 2. (b) The
absorption at 333 nm as a function of Ni2+: thiol moieties. The initial concentration of the linear
copolymer is 5 mg/mL. (c) UV-vis absorption spectra of Ni-foldamers upon bubbling CO2 in the
presence of triethanolamine. No change in absorption features of Ni-foldamers was found. A slight
increase of absorption was caused by the evaporation of the solvent.
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Figure 2.8. (a) SEC elution curves of the linear copolymer and different metallofoldamers:
P(MMA335-co-HEMA73-co-MPEMA50), black; Ni2+, blue; Zn2+, green; AuCl4-, navy blue; Cu2+,
pink; H2O2, violet. H2O2 was used as a control. Since thiols can be oxidized by H2O2, the linear
copolymer can be folded as well due to the formation of S-S bonds. Such foldamers are not
metallofoldamers because of the absence of metal ions. (b) Plotting the number average molecular
weight and dispersity of metallofoldamers.

Figure 2.9. Hydrodynamic radius of the linear polymer P(MMA335-co-HEMA73-co-MPEMA50)
(black) and different metallopolymers: Zn-metallofoldamer, pink; Cu-metallofoldamer, blue; Nimetallofoldamer green. Hydrodynamic radius was measured in THF by dynamic light scattering.
The different hydrodynamic radius may be caused by the different folding degrees of polymer
chains with different metal ions.
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Figure 2.10. UV-vis spectra of the linear polymer P(MMA335-co-HEMA73-co-MPEMA50) and its
Cu-metallofoldamers using CuCl2 as the source of metal ions.

Figure 2.11. Gas chromatograms of gas products using (a) TiO2, (b) Ni-metallofoldamer/TiO2
hybrid photocatalyst.
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Figure 2.12. 1H NMR spectra of photoreduction products using (a) TiO2 and (b) Nimetallofoldamer/TiO2 hybrid photocatalyst (black; before UV light irradiation, red; after UV light
irradiation).

Figure 2.13. Stability of Ni-metallofoldamers/TiO2 hybrid photocatalyst. In each cycle (2 hr), the
produced CO was measured.
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Figure 2.14. Kinetic plot of the formation rate of CO as a function of time using Nimetallofoldamers/TiO2 hybrid photocatalyst in DMF at 80 oC.
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Single chain polymeric nanoparticles to promote selective hydroxylation
reactions of phenol catalyzed by copper
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3.1

Abstract
Metal-containing single chain polymeric nanoparticles (SCPNs) can be used as synthetic

mimics of metalloenzymes. Currently, the role of the folded polymer backbones on the activity
and selectivity of metal sites is not clear. Herein, we report our findings on how polymeric
frameworks modulate the coordination of Cu sites and the catalytic activity/selectivity of Cucontaining SCPNs mimicking monophenol hydroxylation reactions. Imidazole-functionalized
copolymers of poly(methyl methacrylate-co-3-imidazolyl-2-hydroxypropyl methacrylate) were
used for intramolecular Cu-imidazole binding that triggered the self-folding of polymers. Polymer
chains imposed steric hindrance which yielded unsaturated Cu sites with an average coordination
number of 3.3. Cu-containing SCPNs showed high selectivity for the hydroxylation reaction of
phenol to catechol, >80%, with a turnover frequency of >870 h-1. The selectivity was largely
influenced by the flexibility of the folded polymer backbone where a more flexible polymer
backbone allows the cooperative catalysis of two Cu sites. The second coordination sphere
provided by the folded polymer that has been less studied is therefore critical in the design of active
mimics of metalloenzymes.
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3.2

Introduction

Copper (Cu) plays a key role in many biological redox reactions in nature.1-3 Several
metalloenzymes, including galactose oxidase and tyrosinase, have Cu ion(s) as cofactors.
Tyrosinase, for example, catalyzes the regioselective hydroxylation of monophenols to catechol
derivatives.4 The active site of tyrosinases consists of two adjacent Cu ions,5 coordinated by
histidine residues.3,6 Much effort has been devoted to designing Cu complexes that mimic the
active site of tyrosinase and catalyze analogous redox reactions. In the absence of protein
frameworks, Cu-containing complexes, however, are not efficient for oxygen activation and
catalysis.7-9

Incorporating metal ions into discrete self-folded polymer chains offers a facile way to prepare
synthetic mimics of metalloenzymes.10-17 Self-folding can produce ultra-small, well-defined single
chain polymeric nanoparticles (SCPNs) in the range of 2-20 nm, close to the size of
metalloenzymes.18-23 Since self-folding is usually performed in a good solvent, SCPNs are
expected to be loosely collapsed in their swollen state, unlike the folding of natural proteins.24-26
This ensures the accessibility of SCPNs to substrates. In addition, the second coordination sphere
provided by the polymeric framework is expected to promote the catalytic activity of the metal
ions.27 Herein, we report the design of Cu-containing SCPNs as artificial enzymes for
hydroxylation reactions of phenols. Our synthetic strategy uses the coordination of copper ions to
imidazoles to drive the self-folding of random copolymers of poly(methyl methacrylate-co-3imidazolyl-2-hydroxypropyl methacrylate) (P(MMA-co-IHPMA)). Hydroxyl groups that
facilitate the movement of protons are part of the second coordination sphere of copper ions. The
Cu-containing SCPNs show selectivity for the hydroxylation reaction of phenol to catechol, >80%,
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with a turnover frequency (TOF) of >870 h-1. We demonstrate that the selectivity toward the
hydroxylation reaction is largely influenced by the dynamics of the folded polymer backbone, a
factor known to be critical for the activity of enzymes.28, 29
3.3

Results and Discussion
The parent copolymers were synthesized via reversible addition-fragmentation chain

transfer polymerization. Post-polymerization functionalization of the parent copolymers was
carried out via ring opening reaction of epoxides with excess imidazole (10-fold with respect to
epoxides) in dimethyl sulfoxide (DMSO) at 80 oC to yield P(MMA-co-IHPMA) copolymers
(Figure 3.1a).30-32 Using P(MMA218-co-GMA43) as an example, the disappearance of
diastereotopic proton peaks of methylene groups from GMA units and the new peaks
corresponding to protons on the imidazole ring suggested the occurrence of the ring opening
reaction (Figure 3.1b). The grafting ratio was estimated to be ca. 100%, to yield P(MMA218-coIHPMA43) (P1). An increase in the number-average molecular weight (Mn) of the copolymer from
56.5 to 128.4 kg/mol with a dispersity (Mw/Mn) of 1.28 was observed (Figure 3.1c). The shoulder
at a shorter elution time is possibly due to the weak absorption of imidazole to SEC columns.32, 33
A copolymer with a higher content of imidazole P(MMA273-co-IHPMA134) (P2) was also prepared
to examine the effect of imidazole content on self-folding (see Table 3.3 and Figure 3.4).
Cu-SCPNs were prepared by intramolecular Cu-imidazole coordination that triggers the selffolding of individual polymer chains simultaneously in a good solvent of polymers, e.g.
dimethylacetamide (DMAc) and dimethyl sulfoxide (DMSO). The Cu-imidazole coordination was
examined using 1H NMR spectroscopy (Figure 3.1b). For P1, all protons of MMA and imidazole
units were observed in d6-DMSO. After adding Cu2+ ions, the resonance feature of the side chains
completely disappeared. The peaks corresponding to methylene (i, Figure 3.1b) and methyl (j,
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Figure 3.1b) groups on the backbone showed clear broadening. This is attributed to the loss of the
chain mobility of the polymer and the presence of paramagnetic Cu2+ ions.
Self-folding was evidenced by SEC measurements. For P1, the Mn decreased from 128.4
kg/mol to 114.0 kg/mol along with a small increase in its elution time (Figure 3.1c), corresponding
to the shrinkage of hydrodynamic volume ~11.5 %. The volume shrinkage is in good agreement
with other reports on intramolecular cross-linking of polymers via non-covalent interactions (see

Figure 3.1. (a) Synthetic routes to preparing imidazole-functionalized copolymers. (b,c) 1H NMR
spectra and SEC elution curves of P(MMA218-co-GMA43) (black), P(MMA218-co-IHPMA43) (red),
its Cu-SCNP F1 (blue) and unfolded P1 (pink). The NMR spectra were collected in d6-DMSO and
the SEC measurements were performed in DMAc. The peak * is from acetone.
supporting information for details).25, 34-36 The magnitude of the decrease in Mn for P2 is smaller
when compared to that of P1 after folding. This can be attributed to the increase in number of
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imidazole moieties in P2 leading to strong interactions with the SEC columns (note that, P2 and
its SCPNs cannot be eluted in DMAc in the absence of LiCl).33 The Cu-to-imidazole ratio seems
to have a minimum influence on the change of the Mn of Cu-SCPNs. No further decrease in Mn of
Cu-SCPNs was seen when the Cu-to-imidazole ratio reached 0.25 (Figure 3.5). Similar results
were observed for P2 (Figure 3.5). The change in hydrodynamic radius (Rh) was confirmed by
dynamic light scattering (DLS). The copolymer P1 has a Rh of 5.8 nm in DMAc, while its CuSCPNs reduced to 3.7 nm (Figure 3.6). These findings confirm the intramolecular folding upon
Cu-imidazole coordination.

Table 3.1. Molecular weights and hydrodynamic diameters of the two linear copolymers and
their SCNPs
a
Polymers
Mn (kg/mol) a Mn (kg/mol) b Ð (Mw/Mn) b Dh (nm) c
P(MMA218-co-GMA43)

27.9

56.5

1.19

--

P(MMA218-co-IHPMA43)

30.6

128.4

1.28

11.5

P(MMA273-co-GMA134)

46.3

53.8

1.21

--

P(MMA273-co-IHPMA134)

55.2

119.4

1.36

12.2

Cu-SCNP-1 d

-

114.0

1.28

7.4

Cu-SCNP-2 d

-

112.5

1.38

5.1

Note: a Mn determined from 1H NMR; b Mn determined from SEC; c Dh is the hydrodynamic
diameter measured using DLS; d Cu-SCNP-1 and Cu-SCNP-2 were prepared using the P(MMA218co-IHPMA43) and P(MMA273-co-IHPMA134) at a Cu-to-imidazole ratio of 1:1 (mol), respectively.

To confirm whether the folding was triggered by Cu-imidazole complexation, the
dissociation of complex was further investigated by adding HCl using 1H NMR, as the addition of
HCl (10 equivalences relative to imidazole) can disrupt Cu-imidazole binding. This is evidenced
by the reappearance of all resonance peaks of the linear copolymer (Figure 3.1b). The dissociation
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of Cu-imidazole complexes thus led to the unfolding of the copolymer, since the NMR peaks of
methyl and methylene groups of PMMA became prominent. A downfield shift of proton peaks on
the imidazole ring (8-10 ppm) occurred as a result of the protonation of imidazole. The unfolded
P1 was also examined by SEC, in which an increase in elution time, compared to its linear
copolymer, was observed (Figure 3.1c), likely due to the interaction of the positively charged
copolymer with SEC columns.37

Figure 3.2. UV-vis spectra of the linear copolymer of P(MMA218-co-IHPMA43) (black), the CuSCNP of P(MMA218-co-IHPMA43) (red), unfolded P(MMA218-co-IHPMA43) (blue), and
Cu(NO3)2 (dark yellow). The UV-vis spectrum of the linear copolymer of P(MMA218-coIHPMA43) was recorded in THF/methanol (5:1, vol); while the other three were measured in water.
The concentration of the linear copolymer and Cu(NO3)2 is 1mg/mL, and the Cu-SCNP and the
unfolded polymer is 0.9 mg/mL.
The formation of Cu-imidazole complexes was confirmed by UV-vis spectroscopy. To
remove unbound Cu2+ ions, as-prepared Cu-SCPNs were dialyzed against water for 24 h. Both CuSCPNs from P1 and P2 showed good solubility in water as confirmed by DLS (Figure 3.6). CuSCPN-1 displays two distinct absorption peaks at 278 nm and 670 nm, attributed to the Cuimidazole charge-transfer band and d-d transitions of Cu2+ ions, respectively.38 Upon addition of
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HCl, the two peaks disappeared, indicating the dissociation of Cu-imidazole complexes.17 In
contrast, the linear copolymer of P1 only displayed a weak absorption peak at 276 nm, assigned to
n→π* of carbonyl groups. Cu(NO3)2 in aqueous solution exhibited a broad, weak feature centered
at ~810 nm assigned to a d-d transition.39 Similar results were observed for Cu-SCPN-2 (Figure
3.7). Using the absorption of the d-d transition, we estimated the average number of Cu sites per
SCPN to be ca. 6.4 for Cu-SCPN-1, and 18.7 for Cu-SCPN-2. The incorporation of Cu2+ ions was
further confirmed using electron paramagnetic resonance (EPR) spectroscopy (Figure 3.8). The
average number of Cu sites per Cu-SCPN-1 of P1 was measured to be ca. 6.8. This value is in
good agreement to that obtained from UV-vis spectroscopy.
The binding affinity of Cu to the imidazole was measured by titrating the linear copolymer
with Cu2+ ions (see experimental details in SI). The fraction of saturation, θ is a function of the
total concentration of Cu2+ ions and the binding constant, Kb, as given in the equation (see SI for
the analysis),40

𝜃=

𝐾𝑏 [𝐶𝑢2+ ]
1 + 𝐾𝑏 [𝐶𝑢2+ ]

The binding constant Kb can be extracted to be 102.98 M-1 for P1 by plotting 1/θ vs. 1/[Cu2+]
(Figure 3.9). Using Job’s plot, the average coordination number of Cu2+ ions in Cu-SCPN-1 was
estimated to be ca. 3.3 (Figure 3.10). Compared to the theoretical coordination number of Cu2+
ions (i.e., 4 for a square planar coordination), our results suggest that polymer chains impose steric
hindrance to limit the number of imidazole ligands coordinated to Cu. The unsaturated Cu sites in
turn may favor the binding of reactants in catalysis. The SCPNs are stable at high temperatures.
The temperature-dependent 1H NMR spectra of Cu-SCPN-1 (Figure 3.11) did not indicate
dissociation of SCPNs up to 67 oC.
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The catalytic activity of Cu-SCPNs was examined for hydroxylation of phenols using H2O2
as an oxidant in water at 60 oC.41 The primary products obtained were identified as catechol (CAT)
and hydroquinone (HQ). A trace amount of benzoquinone (BQ), <0.5%, was detected (Figures
3.12-3.14). The catalytic activity of Cu-SCPN-1 was first carried out in excess of phenol (3160fold relative to that of Cu sites) at different concentrations of H2O2. The results are summarized in
Table 3.2. At an optimal ratio of phenol to H2O2 (1:2, mol), a high selectivity of 85.1% toward the
1,2-hydroxylation (CAT) was obtained.

Figure 3.3. (a) Schematics of phenol hydroxylation reaction catalyzed by Cu-SCNPs. (b)
Schematic illustration of Cu-imidazole complexes in SCNPs (a coordination number of 3). Kinetic
plots of phenol hydroxylation catalyzed by (c) Cu-SCNP-1 and (d) Cu-SCNP-2. Reaction
conditions in c and d: Cu/phenol/H2O2 = 1/3160/6320 and Cu/phenol/H2O2 = 1/1950/3900
temperature = 60 oC

Both SCPNs show very similar activity where >50% conversion of phenol was achieved
at 1.5 h (Figure 3.3). Given that Cu loading in Cu-SCPN-2 is significantly higher than that in CuSCPN-1, the collapse degree of polymer chains has a negligible impact on the accessibility to Cu
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sites. However, Cu-SCPN-1 shows a higher selectivity towards CAT (96%-73%) throughout,
compared to Cu-SCPN-2 (78%-54%). This is likely caused by the difference in the flexibility of
folded polymer chains that will be largely limited in the presence of Cu-imidazole complexes.
Since Cu-SCPN-2 has a higher content of Cu ions, Cu-SCPN-2 becomes less flexible compared to
Cu-SCPN-1. The hydroxylation of phenol is known to be achieved cooperatively by two Cu sites.
Only when the two Cu2+ ions are close in the distance of 3-5 Å, they can bind to phenol and transfer

Table 3.2. Summary of hydroxylation reaction using Cu-SCNPs at various conditions
Entry

Catalysts

a

1

No catalyst

2

Cu-SCPN-1e

3

Cu-SCPN-1e

4

Cu-SCPN-1e

5

Cu-SCPN-2e

6

Cu-SCPN1+HCl f
Cu-SCPN1+HCl f
Cu-SCPN-1+
AcOH f
Cu-SCPN-1+
TFA f
Cu-SCPN-1+
MeI f
Cu(NO3)2.3H2O

7
8
10
11
12

Cu/Phen
ol/H2O2
0/3160/63
20
1/3160/31
60
1/3160/63
20
1/3160/94
80
1/1950/39
00
1/3160/63
20
1/3160/63
20
1/3160/63
20
1/3160/63
20
1/3160/63
20
1/3160/63
20

Conversi
on (%)
7.6

Yield (%)c
CATb HQb
0
0

DHBb
0

Selectivity (%)
CATb HQb
0
0

BQd
-

TOF
(h-1)
-

17.4

3.3

1.6

28.5

67.5

32.5

-

550

27.6

8.1

1.4

34.6

85.1

14.9

872

30.0

10.7

4.9

51.4

69.5

31.5

<0.3
%
-

26.7

7.0

5.1

45.1

58.1

41.9

520

2.5

0

0

0

0

0

<0.5
%
-

1.4

0

0

0

0

0

-

44

15.7

0

0

0

0

0

-

496

8.2

0

0

0

0

0

-

259

20.4

2.8

0.7

17.1

79.5

20.5

-

644

17.5

0.8

0.7

9.2

53.3

46.7

-

553

948

79

Note: a All reactions were performed at 60 oC for 1 h in water. b DHB = dihydroxy benzene (both
1,2- and 1,4-), CAT= catechol, HQ = hydroquinone, BQ= benzoquinone. The conversion of phenol
and the selectivity to DHB/CAT/HQ were determined using 1H NMR. c The amount of BQ was
determined from HPLC-MS; d Cu-SCNP-1 and Cu-SCNP-2 were prepared using the P(MMA218co-IHPMA43) and P(MMA273-co-IHPMA134), respectively, as indicated in Table 3.1. e20-25
equivalences of acids and MeI were used with respect to IHPMA.
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the oxygen to the ortho position to generate CAT.3, 42, 43 In the case of Cu-SCPN-2, the stiffness
of the polymer chains possibly limits the dynamic properties of adjacent Cu ions to co-catalyze
the hydroxylation. Therefore, the folded polymer chains can tune the conformational landscape to
modulate the reaction selectivity.
The importance of the secondary coordination sphere was further supported by the unfolding
and/or comparison to the reaction catalyzed by free Cu2+. When adding acids (e.g. HCl) or methyl
iodide (MeI) to quaternize imidazole, the unfolding of SCPNs occurred as aforementioned.
Without the presence of polymer frameworks, the catalytic selectivity and activity of unfolded CuSCPNs decreased dramatically as shown in Entries 6-11, Table 3.2. When the reaction was
catalyzed by free Cu2+ ions (Entry 12 in Table 3.2), the yield of CAT decreased (≤ 1%) although
with a similar conversion as Cu-SCPN-1 (Entry 2).
3.4

Summary
To summarize, we showed the use of Cu-imidazole coordination to trigger the efficient and

reversible self-folding of imidazole-functionalized polymers and mimic the catalytic activity of
tyrosinase. We demonstrated that polymer chains imposed steric hindrance to limit the Cuimidazole complexation, to yield unsaturated Cu sites with an average coordination number of 3.3.
Folded polymer chains acted as a secondary coordination environment and modulated the reaction
selectivity, although individual Cu sites and conformational landscape cannot be fine-tuned at the
current stage. The flexibility of polymeric secondary coordination environment could vary the CuCu distance and enable the selective hydroxylation cooperatively by two adjacent Cu sites. A high
selectivity of 80% toward 1,2-hydroxylation can be achieved with an optimized Cu loading. These
metal-containing polymeric SCPNs are believed to stand as conceptually new examples to
mimicking the active sites of metalloenzymes.
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3.5

Experimental section

3.5.1 Materials
All chemicals were purchased from Aldrich and used as received unless otherwise noted.
Methyl methacrylate (MMA) and glycidyl methacrylate (GMA) were passed through a basic
aluminum oxide column prior to use. 2,2'-Azobis(isobutyronitrile) (AIBN) was recrystallized
twice from ethanol. Hydrogen peroxide (30 wt% in water), imidazole (IM) (>99%), copper nitrate
trihydrate (Cu(NO3)2·3H2O), phenol (≥99%), hydroquinone (HQ) (≥99.5%), catechol (CAT)
(≥99%), benzoquinone (BQ) (≥99%), iodomethane (99%), trifluoroacetic acid (99%), acetic acid
(≥99.7%) were used as received. Deionized water (High-Q, Inc. 103S Stills) with a resistivity of
>10.0 MΩ was used for all hydroxylation reactions.
3.5.2 Polymer synthesis
3.5.2.1 Synthesis of the copolymer of P(MMA218-co-GMA43)
MMA (10.0 g, 100 mmol), GMA (3.5 g, 25 mmol), AIBN (8.2 mg, 50 μmol) and 2-cyano2-propyl benzodithioate (CPDB) (55.3 mg, 25 μmol) were dissolved in 1 mL of anisole in a 25mL flask. The reaction mixture was degassed under vacuum and filled with nitrogen for 15 min.
The flask was then sealed and placed in a pre-heated oil bath at 65 oC. After 5 h, the reaction
mixture was cooled down to room temperature. The polymer was collected after precipitation in
hexane three times and dried under vacuum for 24 h. The obtained polymer has a number-average
molecular weight (Mn) of 56.5 kg mol-1 and a molar-mass dispersity (Ð=Mw/Mn) of 1.19,
confirmed by size exclusion chromatography (SEC) measurement using poly(methyl
methacrylate) (PMMA) standards. From 1H NMR spectrum (in DMSO-d6), the numbers of repeat
units of MMA and GMA were calculated to be 218 and 43, respectively based on the conversion
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of the two monomers, to yield P(MMA218-co-GMA43). By varying the feed ratio of MMA and
GMA, another copolymer of P(MMA273-co-GMA134) with a higher content of GMA was
synthesized. Mn and Ð were found to be 53.8 g mol-1 and 1.21, respectively.
3.5.2.2 Post-polymerization functionalization to yield imidazole-containing copolymers
The grafting of imidazole moieties to the copolymer was carried out by ring opening reaction of
epoxide moieties. In a typical synthesis, P(MMA218-co-IHPMA43) (3.0 g, 4.6 mmol in terms of
GMA units), imidazole (3.14 g, 46.3 mmol) were dissolved in 40 mL of DMSO. The reaction
mixture was purged with nitrogen for 10 min and then kept in a pre-heated oil bath at 80 oC for 16
h. After the reaction, the polymer solution was first precipitated in cold diethyl ether to remove
DMSO. The solution was diluted in THF and then precipitated in hexane twice and dried under
vacuum for 24 h. The obtained polymer has a Mn of 128,400 g mol-1 and a Ð of 1.28 by SEC
measurements using PMMA standards. The same procedure was used to prepare another
copolymer P(MMA273-co-IHPMA134) and its Mn and Ð was measured to be 119.4 g mol-1 and 1.36,
respectively.
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Figure 3.4. (a) 1HNMR spectra and (b) SEC elution curves of P(MMA273-co-GMA134) (black),
P(MMA273-co-IHPMA134) (red), Cu-SCNP-2 (blue) and unfolded P2 (pink). The apparent
molecular weight of the copolymer increased from 53.8 to 119.4 kg/mol when imidazole moieties
incorporated into the copolymer.
3.5.3 Preparation of Cu-SCNPs

Figure 3.5. (a) SEC traces of P(MMA218-co-IHPMA43) and its Cu-SCNPs at different ratios of Cuto-imidazole: 0, 0.167, 0.25, 0.5, and 1.0 (from bottom to top). (b) Plotting the number average
molecular weight and the dispersity of Cu-SCNPs of P(MMA218-co-IHPMA43) against the ratio of
Cu-to imidazole. The molecular weight decreased from 128.4 kg/mol to 114.0 kg/mol (11.2 %
shrinkage of its original molecular weight). (c) SEC traces of P(MMA273-co-IHPMA134) and its of
Cu-SCNPs at different ratios of Cu-to-imidazole: 0, 0.25, 0.5 and 1.0 (from bottom to top). (d.)
Plotting the number average molecular weight and the dispersity of Cu-SCNPs of P(MMA273-coIHPMA134) against Cu to imidazole ratios.
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20 mg of the linear copolymer of P(MMA218-co-IHPMA43) was dissolved in 20 mL of DMF and
stirred for 1 h at room temperature to yield 1 mg/mL solution. An ethanol solution (1 mL) of copper
nitrate trihydrate (Cu(NO3)2·3H2O) (2.6 mg, 11.0 μmol) (the ratio of imidazole to Cu is 1:1 mol
and the ratio was varied as mentioned in Table 3.3) was added to the above polymer solution
dropwise. The mixture was stirred overnight at room temperature. The solution was then dialyzed
against water for 24 h to remove DMF and free or weakly bound copper ions. The dialysis bag
(Spectrum Labs) with a cut-off molecular weight of 6-8,000 g/mol was used in our experiment.
The final solution has a concentration of 0.9 mg/mL calculated from the volume of the solution of
Cu-SCNPs. To determine the Cu amount in the final SCNP, the d-d transition of Cu ions in the
final solution of Cu-SCNPs was used for UV-vis experiments. To prepare samples for electro
paramagnetic resonance (EPR) experiment, 100 mL solution of the final SCNPs was dried using
lyophilization method (Labconco Freezone Plus 2.5) to get the powder samples.

The molecular weight decreased from 119.4 kg/mol to 112.4 kg/mol (5.8 % shrinkage of original
molecular weight). The expected size (R) of the polymer upon intrachain folding via reversible
non-covalent cross-linking is given by,44
𝑅 = 𝑅0 (1 − 𝑥)0.6
where x is the fraction of cross-linkable functional groups in polymer chain involved in reversible
bonds, and R and R0 are the expected size of folded polymer and the size of the linear polymer,
respectively. The expected size of the folded polymer (R) should be R= 0.9×R0 for P1. Given R ∝
M 0.588,45 the expected shrinkage in molecular weight is 16.4% for P(MMA218-co-IHPMA43), fairly
close to our observed value from SEC.
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Table 3.3. Molecular weight and dispersity of linear copolymers and Cu-SCNPs
Polymer a

P(MMA218-co-

Mn

Mn

Ð

(kg/mol)

(kg/mol)

(Mw/Mn)

b

c

c

30.6

128.4

Cu-toSCNP

Mn

Ð

(kg/mol) c

(Mw/Mn) c

0.16

118.0

1.29

0.25

115.5

1.30

0.5

114.3

1.29

1

114.0

1.28

0.25

113.8

1.34

0.5

113.4

1.40

1

112.5

1.38

imidazole
ratio

1.28

IHPMA43)
F1d

P(MMA273-co-

55.2

119.4

1.36
F2 d

IHPMA134)

Note, a The repeat unit number was calculated from 1H NMR spectra. b The number-average
molecular weights were determined using 1H NMR. c The number-average molecular weights were
determined by SEC calibrated using polymethylmethacrylate standards. Cu-SCNP-1 and CuSCNP-2 were obtained from P(MMA218-co-IHPMA43 and P(MMA273-co-IHPMA134) copolymers,
respectively, with a Cu-to-imidazoles ratio of 1 unless otherwise noted.

3.5.4 Characterizations
Size exclusion chromatography (SEC) measurements were performed on a Waters gel
permeation chromatograph equipped with a Waters 2414 differential refractometer and a Jordi 2
mixed bed columns setup at 80 oC. DMAc (Fisher, 99.9% HPLC grade) with LiCl (30 mM) was
used as an elution solvent at a flow rate of 1.0 mL/min, and PMMA standards were used to calibrate
molecular weight and molecular weight distribution. The results were processed using Empower
GPC software (Waters, Inc.). Proton nuclear magnetic resonance (1H NMR) spectra were recorded
on a Bruker Avance 300 MHz spectrometer using DMSO-d6 solvent. Ultraviolet-Visible (UV-vis)
spectra were collected with a Cary 60 UV-Vis spectrophotometer. Dynamic light scattering (DLS)
measurements were carried out using an ALV/CGS-3 MD goniometer system, consisti9g of a 22
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mW He−Ne laser (emitting vertically polarized light with a wavelength of 632.8 nm) and
avalanche photodiode (APD) detector located at an angle of 90o. All the samples for filtered using
0.45 m PTFE filters prior DLS measurements. Electro paramagnetic resonance (EPR)
measurements were recorded on an X-band Brucker EMX nano spectrometer at room temperature.
3.5.5 Determination of Cu2+ amount in SCNPs
The saturation loading of Cu2+ ions within Cu-SCNP-1 was estimated from EPR and UVVIS measurements. For UV-vis experiments, the standard curve for the d-d transition of Cu was
obtained using Cu(NO3)2 in the presence of excess imidazole. The average number of Cu2+ ions in
Cu-SCNP-1 and Cu-SCNP-2 from UV-vis is 6.4 and 18.7, respectively.

For EPR experiments, 3.6 mg of Cu-SCNP-1 was used. Thus,
𝑛𝑝𝑜𝑙𝑦𝑚𝑒𝑟 =

𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟
3.6 × 10−3 𝑔
=
= 1.2 × 10−7 𝑚𝑜𝑙
𝑀𝑝𝑜𝑙𝑦𝑚𝑒𝑟 30.83 × 103 𝑔/𝑚𝑜𝑙

The number of spins calculated from EPR is 4.95 x1017. The spin state of Cu2+ is ½. Therefore, the
number of spin states is equal to the number of Cu atoms. So, the total mole of Cu2+ is,
𝑛𝐶𝑢 =

𝑚𝐶𝑢
4.95 × 1017
=
= 8.2 × 10−7 𝑚𝑜𝑙
𝑁𝑎𝑣 6.022 × 1023

Thus, the average number of Cu2+ in each polymer chains is
𝑁𝐶𝑢

𝑛𝐶𝑢,𝑡𝑜𝑡𝑎𝑙 8.2 × 10−7 𝑚𝑜𝑙
=
=
= 6.8
𝑛𝑝𝑜𝑙𝑦𝑚𝑒𝑟 1.2 × 10−7 𝑚𝑜𝑙
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3.5.6 Job’s plot to determine the stoichiometry of Cu2+ ions in SCNPs.
A series of solutions having a constant volume (3 mL) containing P(MMA218-co-IHPMA43)
copolymer and Cu(NO3)2 were prepared in DMAc such that the sum of the total Cu2+ ions and
imidazoles of copolymer concentration remained constant (5 mM). The mole fraction of Cu2+ was
varied from 0.1 to 1.0. The absorbance at a wavelength (at 670 nm) where the copper-imidazole
complex shows a maximum absorbance was measured. The resultant absorbance was corrected to
account for the absorbance of free Cu2+. The corrected absorbance was plotted against the mole
fraction of copper (Figure 3.10). From the Job’s plot, the average coordination of imidazoles to
copper was calculated to be 3.3.

3.5.7 The binding constant of Cu2+ in SCNPs.
The binding constant of Cu2+ ions to imidazole was measured by titration experiments. The
titration was performed as follows: 2 mL of P(MMA218-co-IHPMA43) copolymer solution (5 mM
with respect to imidazole) was taken in a quartz UV cell. 10 L of Cu(NO3)2 solution (10 mM)
was added to the polymer solution each time to determine the absorbance at 670 nm. The
absorbance was measured until the saturation point was reached. From the absorption titration
data, the binding constant (K) was determined using the following equations.

The binding phenomenon of Cu2+ to the copolymer can be described with different
equilibria relationships with different complex formation constants, given as
[Cu2+ (CP)]
Cu + CP
=
[Cu2+ ][CP]
[(Cu2+ )2 (CP)]
2+
2+
2 Cu + CP ⇌ [(Cu )2 (CP)] 𝐾2 =
2
[Cu2+ ] [CP]
2+

⇌[Cu2+ (CP)]𝐾1
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⋯
𝑛 Cu

2+

2+

+ CP ⇌ [(Cu )𝑛 (CP)] 𝐾𝑛 =

[(Cu2+ )𝑛 (CP)]
𝑛

[Cu2+ ] [CP]

where n is the maximum number of Cu2+ ions that can bind to one copolymer chain. It is important
to take note here that it is practically impossible to determine n because in a polymer solution,
there are different lengths of copolymer chains that contain different number of imidazoles.
At a given time in a system containing both Cu2+ ions and copolymer, there are some chains
that bound to only one ion, some chains bound to two ions, some bound to three, and so forth, up
to n. Thus, the total concentration of the bound Cu2+ can be expressed as,

[Cu2+ ]bound = [Cu2+ (CP)] + 2 [(Cu2+ )2 (CP)] + 3 [(Cu2+ )3 (CP)] + ⋯
(1)

𝑛
2+

2+

+ 𝑛 [(Cu )𝑛 (CP)] = ∑ 𝑖 [(Cu )𝑖 (CP)]
𝑖=1

Also, the total concentration of the copolymer available in the system can be expressed as,
[CP]total = [CP] + [Cu2+ (CP)] + [(Cu2+ ) (CP)] + ⋯ + [(Cu2+ ) (CP)]
2
𝑛
(2)

𝑛
2+

= ∑ [(Cu )𝑖 (CP)]
𝑖=0

The average number of Cu2+ bound to the available copolymer is denoted as α, and can then be
expressed as α,
2+
[Cu2+ ]bound ∑𝑛𝑖=1 𝑖 [(Cu )𝑖 (CP)]
𝛼=
=
(3)
[CP]total
∑𝑛𝑖=0 [(Cu2+ ) (CP)]
𝑖
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This equation is known as the Adair equation. In a system where there is an excess of Cu2+, all
binding sites are occupied. Thus, there are n number of ions bound to each copolymer chain and
the value of α will approach n.

The Adair equation was simplified into the following equation (see complete details in Ref 44),46
𝛼=

𝑛𝐾[Cu2+ ](1 + 𝐾[Cu2+ ])
(1 + 𝐾[Cu2+ ])

𝑛−1

𝑛

=

𝑛𝐾[Cu2+ ]
1 + 𝐾[Cu2+ ]

(4)

where K is the binding constant of Cu2+ to the polymer, n is the maximum number of Cu2+ ions
and [Cu2+] is the total concentration of Cu2+ ions. The parameter θ (called the fraction saturation)
was introduced and can be experimentally determined easier than α. The two parameters can be
related by
𝜃=

𝛼
𝑛

(5)

The change in absorbance upon addition of Cu2+ ions to the copolymer is linear until the saturation
point where the maximum change in absorbance is observed. In this case, the parameter θ can be
determined by
𝜃=

Δ𝐴
Δ𝐴max

(6)

where ΔA and ΔAmax are the change in absorbance in response to the Cu-imidazole coordination
and the maximum change in absorbance at 670 nm, respectively.
The value of θ varies from zero to unity from the point of purely copolymer in the system to the
point of saturation. Equation 6 can then be expressed in terms of θ,
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𝜃=

𝐾[Cu2+ ]
1 + 𝐾[Cu2+ ]

(7)

The value of the inverse binding constant (1/K) was determined from the plot of 1/θ vs. 1/[Cu2+]
(see Figure 3.9). The data were analyzed using linear regression analysis and the obtained inverse
binding constant is 0.00105. The value of the binding constant (K) is calculated to be 952.4 M-1
and the value of log(K) is 2.98.

3.5.8 Catalytic activity for Phenol hydroxylation
In a typical hydroxylation experiment, 5 mL of Cu-SCNP-1 solution (in water) as the catalyst (0.9
mg/mL) and phenol (56 mg) was first mixed in a 20-mL glass vial. The reaction flask was placed
in a pre-heated water bath at 60 oC. The reaction was started by injecting H2O2 (2 mol). The
samples were collected every 10 mins to study the reaction kinetics of hydroxylation by 1H NMR
using DMF as an internal standard. The products were also analyzed by high-performance liquid
chromatography (HPLC, Shimadzu) and separation was carried out on an Inertsil® ODS-3 C18
column (GC Sciences Inc.) (particle size 3.5 um, pore size 100 Å) with a mobile phase consisting
of H2O/methanol and a gradient elution at 0.2 mL/min starting at 40% H2O and changing to 95%
in 15 min, with a 4-min hold at the final composition. The HPLC was coupled to a mass
spectrometer Qsrtar Elite (Sciex) for high resolution mass spectrometric detection in negative
mode with parameters: HV, -4500; GS1, 25; GS2, 15; Temperature, 200 oC; DP, 30 V. The main
products of the hydroxylation reaction were found to be CAT and HQ. Xphenol denotes the
conversion of phenol, SCAT and SHQ denote the selectivity to CAT and HQ respectively. The
conversion of phenol and selectivity of products were calculated as follows.

63

𝑋𝑃ℎ𝑒𝑛𝑜𝑙 =

𝑛𝑖,𝑃ℎ𝑒𝑛𝑜𝑙 − 𝑛𝑓,𝑃ℎ𝑒𝑛𝑜𝑙
X 100%
𝑛𝑖,𝑃ℎ𝑒𝑛𝑜𝑙

𝑆𝐶𝐴𝑇 =

𝑛𝐶𝐴𝑇
X 100%
𝑛𝐶𝐴𝑇 + 𝑛𝐻𝑄

𝑆𝐻𝑄 =

𝑛𝐻𝑄
X 100%
𝑛𝐶𝐴𝑇 + 𝑛𝐻𝑄

where ni,phenol, nf,phenol denote the initial and final moles of phenol and nCAT, nHQ denote the moles
of CAT and HQ respectively.
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Figure 3.6. DLS (a) and representative autocorrelation function curves (b) of the linear copolymer
P(MMA218-co-IHPMA43) (black), and Cu-SCPN-1 (red), and unfolded copolymer P1 measured in
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DMAc at a concentration of 1 mg/mL. DLS (c) and representative autocorrelation function curves
(d) of the linear copolymer P(MMA273-co-IHPMA134) (black), and the Cu-SCPN-2 (red), and
unfolded copolymer P2 measured in DMAc solvent and at a concentration of 1 mg/mL. DLS (e)
and representative autocorrelation function curves (f) of Cu-SCPN-1 in water (black) and CuSCPN-2 in water (red) measured in water at a concentration of 0.9 mg/mL. The hydrodynamic
radius of Cu-SCPN-1 in water is 11.5 nm, slightly larger than that of Cu-SCPN-1 in DMAc. It
suggested Cu-SCPN-1 formed small micelles that were stabilized by hydrophilic imidazole and
hydroxyl groups on the SCPN. The hydrodynamic radius of Cu-SCPN-2 in water is 1.4 nm,
slightly smaller than that of Cu-SCPN-2 in DMAc. It suggested Cu-SCPN-2 formed more compact
folding driven by the hydrophobic interaction of the PMMA backbone.

Both Cu-SCPNs of P1 and P2 showed good solubility in water as confirmed by DLS
(Figure S3). The hydrodynamic radius of Cu-SCPN-1 in water is 11.5 nm. It suggested that CuSCPN-1 formed small micelles that were stabilized by hydrophilic imidazole and hydroxyl groups
on the SCPN. On the other hand, the hydrodynamic radius of Cu-SCPN-2 in water is found to be
only 1.4 nm, suggesting a more compact folding driven by the hydrophobic interaction of the
PMMA backbone. The hydrophobicity of polymer backbones is responsible for the inter- or
intramolecular collapse of SCPNs when changing the solvent to water.47
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Figure 3.7. UV-vis spectra of the Cu-SCPN-2 (red), unfolded P2 (green), Cu(NO3)2 (blue)
measured in water. The concentration of Cu(NO3)2 is 1 mg/mL, and Cu-SCPN-2 and unfolded P2
is 0.9 mg/mL.

Figure 3.8. EPR spectrum of Cu-SCNP-1

Figure 3.9. Deternimation of the binding constant of Cu2+ to P(MMA218-co-IHPMA43): (a) θ vs
[Cu2+] and (b) 1/θ vs 1/[Cu2+].
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Figure 3.10. Job's plot to determine the binding stoichiometry of Cu2+ ions, P(MMA218-coIHPMA43) with Cu2+ obtained from variations in absorption at 670 nm. The concentration of [Cu2+]
is 5x10-3 mol/L and [P(MMA218-co-IHPMA43)] is 5x10-3 mol/L with respect to imidazoles.

Cu-SCPN-1 @ 67 oC
Cu-SCPN-1 @ 57 oC

Cu-SCPN-1 @ 47 oC

Cu-SCPN-1 @ 37 oC

Cu-SCPN-1 @ 27 oC

P(MMA218-co-GMA43)

8

7

6

5

4

3

Chemical Shift (ppm)
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2

1

0

Figure 3.11. Temperature dependent 1HNMR spectra of PMMA218-co-PIHPMA43 and its CuSCPN-1 at different temperatures. All 1HNMR spectra were measured in d6-DMSO. No peaks
from side chain protons of imidazole and methylene can be seen up to 67 oC. Therefore, we believe,
the complexes of Cu-to-imidazole are thermal stable under catalytic conditions used in our
experiments.

Figure 3.12. HPLC elution curves of standard solutions and phenol hydroxylation products. (a)
Standard solutions of HQ, BQ, CAT, and phenol. The concentration for phenol and CAT is 2
g/mL; and the concentration for HQ and BQ is 50 g/mL, respectively. (b) Hydroxylation
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products catalyzed by Cu-SCNP-1. (c) Hydroxylation products catalyzed by Cu-SCNP-2. Reaction
conditions in b and c: 4.5 mg Cu-SCNP, 0.59 mmol of phenol, 3.6 mmol of H2O2, 60 oC for 1 h.
The chromatograms were obtained by plotting the extracted ion intensity of at m/z = 92-94 for
phenol and m/z = 107-110 for CAT, HQ and BQ. The amount of BQ from phenol hydroxylation
products was estimated relative to HQ from the peak areas of standard solutions of HQ and BQ.
The peak areas were measured after extraction of HQ and BQ peaks using their absolute molar
mass.
The standard mixture of phenol (2 g/mL), CAT (2 g/mL), HQ (50 g/mL) and BQ (50
g/mL) was separated and analyzed in (a). The phenol hydroxylation products were separated and
analyzed to identify the products from the relative m/z values detected from the mass spectrometer.
From the HPLC separation of products, the major products were identified as CAT and HQ. The
amount of HQ and BQ from phenol hydroxylation products was estimated by comparing their peak
areas to that of relative standards. The chromatographic peaks were obtained plotting the extracted
ion intensity of phenol (m/z 92-94), and CAT, HQ, BQ (m/z 107-110). It was measured that the
amount of BQ from phenol hydroxylation reaction catalyzed by Cu-SCNP-1 and Cu-SCNP-2 was
4.3% and 6.1% relative to that of HQ, respectively. By combining the NMR results, we confirmed
the selectivity of BQ in both cases is lower than 0.5%, compared to the two hydroxylation products
of CAT and HQ.

69

Figure 3.13. 1HNMR spectra of phenol hydroxylation reaction kinetics using Cu-SCNP-1 as a
catalyst. All the spectra were recorded in D2O. The conversion of phenol was calculated by using
DMF as an internal standard (e.g. the formyl proton at 7.87 ppm). The peak area for catechol
protons (d and e) can be extracted by subtraction of phenol protons (b and c) from the total peak
area of catechol protons and phenol protons. The selectivity of CAT and HQ was calculated from
the peak areas of protons d+e and protons f.
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Figure 3.14. 1HNMR spectra of phenol hydroxylation reaction kinetics using Cu-SCNP-2 as a
catalyst. All the spectra were recorded in D2O. The conversion of phenol was calculated by using
DMF as an internal standard. The similar method as mentioned above was used to determine the
selectivity to CAT and HQ.
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Table 3.4. Comparison of catalytic selectivity of Cu-based catalysts for hydroxylation
Catalysts

Time
(h)

Tempera
ture
o

3.6
1.

Phenol:
Cu

( C)

(mol)

Selectivity (%)

Phenol

TOF

CAT

HQ

BQ

Conv
(%)

(h-1)

Ref

[Cu(salambmz)Cl]-Y

6

80

n.d

73.9

26.1

-

42

565.7

48

Cu(32%)/SiO2

0.25

70

200

49

50

1

67

536

49

CuFe2O4−RGO20

0.5

55

n.d

69.7

30.3

-

35.5

n.d

50

CuCl2+SiW12

4.5

70

5360

62.7

17.8

16.1

38.7

n.d

51

5CuHY

3

60

n.d

50.4

21.8

2.3

49.3

n.d

52

Cu/TS-1-2

3

80

n.d

52.4

47.3

0.3

48.7

n.d

53

[-CH2{Cu(sal-1,2pn)}-]n

6

80

n.d

67.6

32.4

-

48.2

142

54

[-CH2{Cu(salen)}]n

6

80

n.d

67.1

32.9

-

47.9

136.7

55

CuO-MCM-48

3

80

n.d

44.4

28.2

-

24.1

n.d

56

Cu-DEG

0.5

70

85

31

27

4

85

144

49

Cu-ALG-d-15.3

2

70

n.d

59.5

38.4

2.1

52.7

2.1

57

Cu-SCPN-1

1

60

3160

85.1

14.9

-

27.6

872

This
work

Cu-SCPN-2

1

60

1950

58.1

41.9

-

26.7

520

This
work
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Synthetic polymers to promote Cu activity for cooperative O2 activation:
Poly vs. Mono
Srinivas Thanneeru, Nicholas Milazzo, Aaron Lopes, Zichao Wei, Alfredo Ángeles-Boza and
Jie He*

4.1

Abstract
We report polymer-promoted cooperative catalysis of Cu for oxygen activation. A series of

random copolymers containing dipicolylamine as binding motifs were designed to coordinate type3 Cu sites. Cu-copolymers showed a 6-8-fold activity enhancement, compared to the molecular
complex of Cu with an identical coordination site. Through Michaelis-Menten analysis, the kinetic
enhancement was demonstrated through flexible polymer-promoted cooperative catalysis among
multi-Cu sites despite the imposed thermodynamic barrier. These observations provide insights
into the bio-inspired design of metallopolymers as soluble catalysts with improved activity.
4.2

Introduction
There has been tremendous interest in polymer-supported metal catalysts due to their

potential applications in various chemical transformations. On one hand, the polymer as supports
to load metal, in particular, precious metal catalysts, offers a valuable way to recover and recycle
expensive catalysts afterward.1, 2 Insoluble polymer resins/films/powders with abundant surface
functional groups are among the most popular to separate the catalysts. On the other hand, by
incorporating binding sites in individual polymers, “soluble” metallopolymer catalysts have
received much attention a decade ago.3-5 In the latter case, polymers endow hybrid catalysts with
many unexpected functionalities, e.g., responsiveness, that cannot be seen in metal catalysts
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solely.6-13 However, the synergies arising from the hybridization of polymer and metal catalysts
have rarely been seen in literature other than the hydrolysis reaction using dendritic catalysts.14-16
Copper (Cu) found in many metalloenzymes plays an important role in biological O2
metabolism.17-19 Tyrosinase is one of the Cu-containing metalloenzymes with dinuclear type-3 Cu
as the active site to bind O2.20, 21 Considerable efforts have been devoted to the synthesis of Cubased complexes as mimics of the active sites of type-3 copper enzymes. The geometrical
organization of type-3 Cu sites and the distance of adjacent Cu sites play a key role in their activity.
Dinuclear 22-24 or multinuclear Cu complexes25 have been found to show higher activity than those
of mononuclear ones, due to the close proximity of the catalytic sites to bind O2.23, 26-29 For
example, trinuclear Cu complexes have been reported to show remarkable kinetic promotion in
electrochemical oxygen reduction30 and oxidative DNA cleavage reaction.31 Given the flexibility
of a polymer chain, incorporating multi Cu sites will be ideal to promote the localized cooperative
catalysis among adjacent Cu sites. In the current contribution, we report an example to use
synthetic polymer to promote Cu for oxygen activation. Linear random copolymers of poly (N,N’dimethylacrylamide-co-2-hydroxy-3-(dipicolylamino)

propyl

methacrylate)

(P(DMA-co-

GMADPA)) were designed to incorporate type-3 Cu sites through Cu-dipicolylamine (DPA)
coordination. The enzymatic activity of these Cu-polymers catalyzed the oxidation of ascorbic
acid (AA) and 3,5-di-tert-butylcatechol (DTBC) with O2 as an oxidant was studied. Compared to
the monomeric catalyst with an identical coordination environment, we showed that polymeric
catalysts could promote the activity by 6-8 folds by optimizing the Cu concentration in polymers.
The enhancement was found to kinetically enhance the cooperative catalysis intramolecularly.
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4.3

Results and Discussion
The design and synthesis of type-3 Cu-containing polymers are shown in Figure 4.1a. The

monomer, 2-hydroxy-3-(dipicolylamino) propyl methacrylate (GMADPA), has a DPA moiety as
the binding motif to coordinate one Cu2+ ion. The synthetic details of DPA and GMADPA
monomer are given in Supporting Information (see Figure 4.5). Both the GMADPA monomer and
its homopolymer are water-soluble. The random copolymers of P(DMA-co-GMADPA) were
synthesized using reversible addition fragmentation chain transfer (RAFT) polymerization as
shown in Figure 4.1a. A small library of copolymers with different mole fractions of GMADPA
was prepared by varying the feed ratios of DMA and GMADPA monomers. The average number
of repeat units for DMA and GMADPA was characterized by proton nuclear magnetic resonance
spectroscopy (1H NMR) using the conversion of monomers (Figure 4.6). A summary of the
copolymers is given in Figure 4.1b.
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Figure 4.1. (a) Synthesis and the chemical structures of the random copolymers of P(DMA-coGMADPA). (b) Summary of the different copolymers of P(DMA-co-GMADPA). Note

*

The

repeat unit numbers were calculated from 1H NMR spectra based on monomer conversion. * The
mole fraction of ligands (GMADPA, relative to DMA) was determined based on the peak areas of
corresponded protons in 1H NMR as given in supporting information.
The coordination of Cu2+ ions with the copolymers of P(DMA-co-GMADPA) was
confirmed by UV-vis titration with Cu(NO3)2 as the titrant (Figure 4.7). Using P(GMADPA92) as
an example, the characteristic absorption peak around 670 nm was observed corresponding to the
d-d transition band of N-coordinated Cu2+ when adding Cu(NO3)2.32 The peak intensity showed a
continuous increase with the addition of Cu(NO3)2 solution and reached the plateau. The
coordination number of Cu to DPA was estimated to be 1:1 by plotting the absorbance at 676 nm
vs. the equivalents of Cu2+ ions relative to the mole of DPA ligands, consistent with the previous
literature.33, 34 Since the binding motif of the copolymers and the GMADPA monomer is identical,
the coordination number of Cu to DPA, as well as the coordination environment of Cu2+ ions, is
similar in regardless of the molecular state of the ligands. The same coordination number and UVvis absorption were seen for the Cu-GMADPA complex. To prepare Cu-coordinated copolymers,
we added excess Cu(NO3)2 (2:1, relative to the mole of DPA moieties) to the polymer solution in
methanol. The free Cu2+ ions were removed by dialyzing the polymer solution against water (see
SI for details). The final Cu concentration in the polymer was determined using the absorbance at
670 nm (Figure 4.8).
We first chose AA as a model substrate to examine the catalytic activity of Cu-polymers. The
oxidation was carried out with a catalyst-to-substrate ratio of 1:5 under saturated O2 at 10 oC (see
SI for details). The reaction was in situ monitored with UV-vis spectrometer. As controls, the
oxidation of AA without catalysts and with the Cu-GMADPA complex (or the monomeric
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catalyst) was also examined. The corresponded UV-vis spectral changes are plotted in Figures
4.2b-d. The oxidation of AA can be followed by the decrease in its absorption at 260 nm. Without
any catalysts, the oxidation as reflected by the peak intensity of 260 nm displays minimum change.

Figure 4.2. (a) The chemical reaction of AA oxidation. (b-d) The UV-vis spectral changes for the
oxidation of AA catalyzed by (b) non-catalytic, (c) Cu-GMADPA and (d) Cu-P4 polymer. The
spectra were collected at the interval of 1 min for a period of 20 min. (e) The corresponded plots
showing the first-order kinetics of AA oxidation non-catalyzed and catalyzed by Cu-GMADPA,
and Cu-P4 polymer. (f) The dependence of rate constant with the molar fraction of ligands from
the copolymers. The reaction conditions used for the AA oxidation reaction: [AA] = 95 M; [Cu]
= 19 M; T = 10 oC. Oxygen was constantly bubbled into the solution throughout the reaction.
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The conversion of AA to dehydroxylated AA can be calculated using 1-At/A0, where At and A0 are
the absorbances at time t and the initial absorbance of AA at 260 nm, respectively. In a noncatalytic reaction, the conversion of AA is ca. 3.3% after 20 min. On the other hand, the oxidation
of AA became much faster in the presence of Cu catalysts where a fast decrease in the absorbance
was seen. For the monomeric catalyst Cu-GMADPA, the conversion of AA reached 28.8% after
20 min; while, that reached 94.8% with the polymeric catalyst Cu-P4.
The oxidation kinetics of AA fits well with the first order reaction as plotting the reaction
time t against ln(C/Co) where C is the concentration of AA at time t and Co is the initial
concentration of AA, respectively (Figure 4.2d). The rate constants (k) are 0.0021± 0.0002,
0.02±0.0015 and 0.172±0.035 min-1 for the non-catalytic reaction and the reactions catalyzed by
Cu-GMADPA and Cu-P4 polymer respectively. The polymeric catalyst Cu-P4 shows 8.6 times
faster activity than Cu-GMADPA and 82 times faster than non-catalytic oxidation of AA.
In order to evaluate the cooperative effect by Cu sites provided by the change of the
molecular state of catalysts, we investigated the oxidation kinetics of AA using copolymeric
catalysts of Cu-P(DMA-co-GMADPA). Since the PDMA is non-catalytic for the oxidation
reaction of AA, the introduction of DMA can vary the localized concentration of Cu sites within
the random coil. The change in the content of catalytically active components within polymer plays
a key role in controlling the proximity of adjacent Cu sites. When the concentration of the Cu sites
is low, e.g., 6.3% for Cu-P1, the polymeric catalyst is less efficient with a k = 0.0124±0.0015 min1

, compared to that of Cu-GMADPA (see Table 4.1). When increasing the concentration of the Cu

sites to > 10 mol% relative to DMA units, the cooperative catalysis is clearly seen where the
polymeric catalysts become more active that Cu-GMADPA. The maximum k of 0.17 min-1 is
reached for Cu-P4 with around 50 mol% of GMADPA. The further increase in the concentration
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of the Cu sites will be detrimental for the activity of the polymeric catalyst. Cu-P5 with 100% of
Cu sites only has a 0.096±0.012 min-1. This is presumably due to the dense packing of Cu sites
that makes the polymeric catalysts difficult to utilize all Cu sites simultaneously as discussed
below.
Table 4.1. Summary of kinetic results obtained from oxidation reactions of AA, DTBC, and
styrene
AA Oxidation
Entr
y

Catalysts

1
2
3
4
5
6
7

Non-catalyzed
Cu-GMADPA
Cu-P1
Cu-P2
Cu-P3
Cu-P4
Cu-P5

(k×102 min1
)
0.21± 0.02
2.03 ± 0.15
1.24 ± 0.16
4.84 ± 0.18
14.6 ± 0.35
17.2 ± 3.5
9.6 ± 1.21

DTBC Oxidation

R2
value
0.999
0.996
0.996
0.995
0.995
0.994
0.999

(k ×102 min-1)
0.118 ± 0.006
2.84 ± 0.26
3.61 ± 1.0
17.3 ± 1.6
6.95 ± 0.13
4.88 ± 0.27
5.34 ± 0.21

R2
value
0.999
0.996
0.999
0.967
0.999
0.999
0.999

Styrene
Epoxidation
(k ×102 hR2
1
)
value
0.4
0.942
31.5
0.968
29.8
0.988
34.4
0.984
30.5
0.981

To confirm our kinetic analysis on the effect of the molecular state on the activity of the
catalysts, we further undertook a study of the biomimetic catalytic oxidation of DTBC that has
been broadly used as a model reaction in the bioinspired design of Cu catalysts for oxygen
activation.35, 36 Since DTBC is more stable and less soluble in water, the oxidation of DTBC was
carried out at 37 oC. The oxidation product of 3,5-di-tert-butyl-l,2-benzoquinone (DTBQ) has an
absorption peak around 410 nm in water which allows us to monitor the oxidation kinetics of
DTBC similar to that of AA oxidation (Figure 4.9). The reaction kinetics, again, fits well with the
first order reaction by plotting ln(1-B/B∞) where B is the concentration of DTBQ at time t and B∞
is the maximum concentration of DTBQ at infinite time (Figure 4.3b). Likewise, the non-catalytic
oxidation of DTBC is kinetically slow with a k of 1.18×10-3 min-1. The oxidation of DTBC is much
faster in the presence of Cu-GMADPA. The k reaches 2.84×10-2 min-1 that is 24 times faster than
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the non-catalytic oxidation. When incorporated into the copolymers, the k significantly increased.
For example, Cu-P2 has a k of 0.17 min-1, 6 times more active, compared to Cu-GMADPA.

Figure 4.3. (a) The chemical reaction of DTBC oxidation. (b) The 1st-order reaction kinetics for
the oxidation of DTBC: non-catalytic (square) and catalyzed by Cu-GMADPA (circle), Cu-P2
(triangle) and Cu-P5 (diamond). (c) The dependence of the rate constant on the mole fraction of
ligands of the copolymers. The reactions were performed at least three times to get an average rate
constant. Reaction conditions: [DTBC] = 143 M; [Cu] = 57 M; T = 37 oC. Oxygen was
constantly bubbled into the solution throughout the reaction.
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The promotion of Cu catalytic activity for DTBC oxidation also shows an obvious
dependence on the concentration of the Cu sites within individual polymer chains. When the Cu
concentration increased from 6.3 to 12% in Cu-polymers, the rate constant k increased from 0.036
min-1 to 0.17 min-1 (see Table 4.1 and Figure 4.3b). Cu-P2 was found to be the most active catalyst,
144 times over the non-catalytic reaction. The further increase of the Cu concentration would result
in the drop of activity and the k seems to be less dependent on the Cu concentration (Figure 4.10).
A noticeable difference between the two different substrates, i.e., AA vs. DTBC, is the optimized
concentration of the Cu sites within individual chains. For DTBC oxidation, the maximum activity
of Cu-polymers reached a much lower Cu concentration. Those results are attributed to the binding
affinity of the substrate to the catalytic sites. Since DTBC is a bidentate ligand itself, the utilization
(or binding) of Cu sites is hypothetically more effective than that of AA.
We also compared the monomeric and polymeric Cu catalysts for styrene oxidation using
H2O2 as an oxidant. The activation of H2O2 to peroxo or hydroperoxo using a single Cu ion has
been known from previous literature.37-39 We carried out styrene oxidation at 80 oC in acetonitrile
using Cu-GMADPA and Cu-polymers. The reaction products were analyzed by gas
chromatography and the main product was found to be styrene epoxide (> 90% selectivity) (see
Figure 4.11). The conversion of styrene was similar for Cu-GMADPA and Cu-polymers, ca. ~7580% after 5h consistent with reported literature using molecular Cu complexes. The reactions
showed very close rate constant k of 0.3 h-1 (±5%), regardless of the molecular states of catalysts.
Those findings clearly indicate the absence of a synergestic effect between polymers and Cu sites.
Different from current small molecular Cu-complexes, the dynamic properties of polymer
frameworks will bring a new tool to engineering the geometry environment of Cu sites. The
polymer chain with multiple Cu sites may provide intramolecular, cooperative catalysis and
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therefore an enhanced activity. In order to gain insights into the cooperative behavior of the
enzyme-like kinetics, Michaelis–Menten analysis was further used for DTBC oxidation. The initial
rate of DTBC oxidation was studied by monitoring the increase of the absorbance of DTBQ in the
first two minutes when varying the DTBC concentrations ranged from 40 M to 0.6 mM at a
constant concentration of Cu catalysts 57 M. Figure 4.4a displays the dependence of the initial
rate on the concentration of DTBC catalyzed by Cu-GMADPA and Cu-polymers. The kinetic
parameters, such as the maximum velocity (Vmax) and the turnover frequency per Cu site (kcat) as
well the thermodynamic constant, Michaelis binding constant (KM) were evaluated based on nonlinear regression of Michaelis-Menten plots (Figure 4.12). These results are also summarized in
Figure 4.4c.

Figure 4.4. (a) Michaelis–Menten plots of DTBC oxidation catalyzed by Cu-GMADPA complex
and Cu-polymers. (b) Plotting the Vmax against the mole fraction of GMADPA within individual
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polymer chains. (c) The table to summarize the kinetic parameters for the Michaelis–Menten plots
of DTBC oxidation.
First of all, the KM clearly increases comparing the monomeric Cu-GMADPA and Cupolymers. There was also a clear trend showing the increase of KM with a higher Cu concentration
per chain. KM as a measure of the binding affinity of substrate-to-catalyst indicates that the
substrate is unfavorable to polymeric catalysts with a high Cu concentration per random coil. Such
result clearly suggests the utilization of Cu sites becomes sterically hindered. The binding of two
Cu sites per substrate (O2 and/or DTBC, see SI for the detailed discussion) will induce
intramolecular confirmation lock-in to limit the further binding of substrate-to-catalyst. In other
words, the initial binding of the substrate will create a thermodynamic barrier for further binding.
The intramolecular confirmation lock-in is obviously dependent on the localized Cu concentration
per chain. A higher Cu concentration will make it more difficult thermodynamically to completely
bind with substrates.
Second, both Vmax and kcat describe the zero-order kinetics where an infinite amount substrate
is available for the initial turnover. It is interesting to point out that, Vmax shows a clear non-linear
dependence on the mole fraction of ligands per polymer chain. When increasing the Cu
concentration per chain, the slow saturation of Vmax is indicative of cooperativity between Cu sites.
A 7 times increase in Vmax when comparing the molecular catalyst and Cu-P5 suggests the
incorporation of Cu site within flexible polymer chains can dynamically modulate the Cu-Cu
distance and enable the cooperative coordination of adjacent Cu sites, in spite of the
thermodynamic barrier. The catalytic efficiency (kcat/KM) shows a very similar trend as observed
in the k of DTBC oxidation.
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4.4

Summary
To summarize, we demonstrate polymer-promoted cooperative catalysis of Cu as inspired

by type-3 Cu enzymes. Using random copolymers of P(DMA-co-GMADPA), we incorporated
multiple Cu sites in a series of copolymers. Those Cu-copolymers are water-soluble and show very
similar coordination environment as the monomeric Cu-GMADPA complex. The catecholase
activity of Cu-copolymers was assessed using the oxidation reactions of two model substrates,
including AA and DTBC. A 6-8-fold increment in the catalytic activity of Cu-copolymers was
seen at an optimized Cu concentration per polymer chain, compared to that of the monomeric CuGMADPA complex. Michaelis-Menten analysis shows the enzyme-like kinetic behavior of Cucopolymers. Despite the imposed thermodynamic penalty to bind the substrates in Cu-polymers,
the kinetic enhancement is achieved through flexible polymer-promoted cooperative catalysis. We
believe that our results should be general to other bio-inspired multi-metal catalyzed reactions.
The flexibility of polymer chains in catalysis that has not been studied before will bring a new tool
to engineer the geometry of bio-inspired catalysts.
4.5

Experimental section

4.5.1 Materials
All chemicals were purchased from Aldrich and used as received unless otherwise noted. N,N’dimethyl acrylamide (DMA, 99%) was passed through a basic aluminum oxide column prior to
use. 2,2'-Azobis(isobutyronitrile) (AIBN, 98%) was recrystallized twice from, ethanol. The chain
transfer agent (CTA), 2-(2-cyanopropyl) dithiobenzoate (CPDB), was synthesized according to a
literature method. 2-(aminomethyl)pyridine (99%), sodium borohydride(> 95%), pyridine-2carboxaldehyde (99%), ascorbic acid (AA, reagent grade, crystalline), 3,5-di-tert-butylcatechol
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(DTBC, 99%), hydrogen peroxide (30% W/W) were used as received. Deionized water (High-Q,
Inc. 103S Stills) with a resistivity of > 10.0 MΩ was used in experiments.
4.5.2 Synthesis of Monomers and Polymers
The ligand dipicolyl amine (DPA) and 2-hydroxy-3-(dipicolylamino) propyl methacrylate
(GMADPA) monomer were synthesized as shown in Scheme 4.1.
(a)

DPA

(b)

DPA

GMA

GMADPA

Scheme 4.1. Schematics with chemical structures showing the synthesis of (a) DPA and
(b) DPA functionalized monomer GMADPA.
4.5.2.1 Synthesis of Dipicolyl amine (DPA)
DPA was synthesized by a condensation reaction between) 2-(aminomethyl)pyridine and
pyridine-2-carboxaldehyde followed by reduction with NaBH4 as reported in the literature by
employing a small modification to the published procedure.40 To a solution of 12.00 g (110.8
mmol) 2-(aminomethyl)pyridine in 30 mL methanol, 12.00 g (112.0 mmol) pyridine-2carboxaldehyde in 30 mL methanol were slowly added at 0 °C. A dark yellow solution was
obtained and stirred for 1 h at room temperature before reduction. After 1 h, 1.56 g (110.8 mmol)
NaBH4 at 0 °C was added slowly to the solution and the reaction mixture was stirred for 12 h. The
solution color changed into light yellow after reduction reaction. After the reaction completed,
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methanol was removed under reduced pressure. The solid product was dissolved in 3 M HCl
solution and adjust the pH to 3 by concentrated HCl. The clear yellow solution was washed with
dichloromethane (3 × 50 mL) to remove the unreacted substrates. A saturated solution of Na2CO3
was added to the aqueous layer to adjust the pH to 10. The solution was then extracted with
dichloromethane (3 × 100 mL) and dried over magnesium sulfate. The solvent was removed under
vacuum to obtain DPA as a yellow oil.
4.5.2.2 Synthesis of 2-hydroxy-3-(dipicolylamino) propyl methacrylate (GMADPA)
The monomer GMADPA was synthesized using ring opening reaction of epoxide with
DPA. In a typical procedure, glycidyl methacrylate (GMA, 6.28 g, 44.2 mmol) and DPA (8.8 g,
44.2 mmol) were dissolved in 10 mL of DMF, and the solution was stirred for 5 h at 110 oC. After
5 h, the reaction mixture was cooled to room temperature and then 150 mL DCM was added to the
reaction mixture. The reaction mixture was washed with water (10 mL × 3). The water fractions
were combined and extracted with 100 mL DCM. The combined DCM solutions were washed
with brine (20 mL) and dried over sodium sulfate. The pure product was purified by column
chromatography (SiO2, 1:9 methanol/ethyl acetate). The second fraction was collected and
concentrated to give a yellow oil identified to be GMADPA.
4.5.2.3 Synthesis of copolymers of P(DMA-co-GMADPA) and homopolymer of PGMADPA
The PGMADPA homopolymer and the copolymers of P(DMA-co-GMADPA) were
synthesized using RAFT polymerization using CPDB as RAFT reagent in anisole solvent at 70 oC
temperature. For example, P(DMA191-co-GMADPA26) polymer was synthesized as follows. DMA
(0.8 g, 8.1 mmol), GMADPA (688.8 mg, 2.02 mmol) and AIBN (2.1 mg, 12.6 mol), CPDB (7.0
mg, 25.2 mol) were dissolved in 0.4 mL of anisole and the solution was purged with N2 for 20
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min and kept in a pre-heated oil bath at 70 oC. After the polymerization, DCM was added to the
reaction solution to stop the polymerization. The mixture was then precipitated thrice from hexane
and dried under vacuum at 40 oC for overnight. The repeat units for DMA and GMADPA were
calculated using the conversion of monomers from NMR spectra.
Homopolymer PGMADPA92 was synthesized as follows; GMADPA (1 g, 2.93 mmol) and
AIBN (1.2 mg, 7.3 mol), CPDB (3.24 mg, 14. mol), were dissolved in 0.75 mL of anisole. The
resulting solution was then purged with N2 for 20 min and kept in a pre-heated oil bath at 70 oC.
After the polymerization, DCM was added to the reaction solution to stop the polymerization. The
mixture was then precipitated thrice from diethyl ether and dried under vacuum at 40 oC for
overnight.
4.5.3 Titration Experiments
4.5.3.1 Titration of GMADPA monomer and PGMADPA92 polymer with Cu2+
The titration of GMADPA monomer and polymer was performed against Cu(NO3)2.3H2O
solution in methanol and monitored using UV-vis spectroscopy. In a typical experiment, 2 mL of
5 mM of GMADPA monomer or PGMADPA92 polymer in methanol solution placed in a quartz
UV cell. Then 20 mM Cu(NO3)2.3H2O was prepared in methanol, and 20 L was added to the
monomer or polymer solution each time to determine the absorbance at 676 nm. The absorbance
was measured until the saturation point was reached. A plot of absorption at 676 nm vs equivalents
of Cu2+ ions corresponding to the number of DPA ligands from monomer/polymer is plotted to
find out the molar ratio of Cu2+ to the DPA ligands.
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4.5.4

Kinetics Experiments

4.5.4.1 The kinetics of 3,5-DTBC oxidation
3,5-DTBC oxidation was conducted at a constant temperature of 37 °C. The kinetics of the
3,5-DTBC oxidation was monitored using UV-vis spectroscopy. First, a solution of 3,5-DTBC (1
mg/mL) was prepared using methanol solvent. Then, 3 mL of water with Cu-polymer catalyst
solution was poured in a quartz cell. A 95 L of 3,5-DTBC in methanol was quickly added and
mixed thoroughly. The kinetics of 3,5-DTBC oxidation was determined by monitoring the increase
in the product DTBQ concentration by an increase in the absorbance at 409 nm. The O2
concentration in the reaction solution was kept constant during oxidation reaction by bubbling with
O2 throughout the kinetics measurements.
4.5.4.2

The kinetics of AA oxidation
AA oxidation was conducted at a constant temperature of 10 °C. AA has the absorbance at

260 nm in water and decrease in absorbance at 260 nm used for kinetic measurements. The kinetics
of the AA oxidation was monitored using UV-vis spectroscopy. First, a solution of AA (1 mg/mL)
was prepared in water. As prepared AA solution kept in an ice bath and nitrogen gas was bubbled
through the solutions in order to exclude the oxygen to avoid auto-oxidation. Then, 3 mL of water
with Cu-polymer catalyst solution was taken in a quartz cell kept in the spectrophotometer to
equilibrate the temperature at 10 °C. A 50 L of AA was quickly added and mixed thoroughly.
The reaction kinetics was monitored by measuring the absorption at 260 nm for every 2 sec. The
O2 concentration was kept constant during oxidation reaction by bubbling the reaction solution
with O2 throughout the kinetics measurements.
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4.5.4.3

The kinetics of styrene epoxidation
The styrene oxidation reaction was performed at 353 K using H2O2 as the oxidant. In a

typical procedure, styrene (200 L,1.75 mmol), 2.61 mol of Cu-polymer catalyst (2.61 mol) in
water was added to 3mL of acetonitrile solvent in a 20 mL scintillation vial equipped with a
magnetic stir bar. The reaction was kept at 353 k and 500 L of H2O2 (10 v/v %) was added to
initiate the oxidation. During the reaction, 200 L of the reaction solution was collected and diluted
to 2 mL with ethyl acetate at different time intervals for GC analysis. The reaction products were
analyzed by GC-FID (Hewlett Packard 5890 gas chromatograph equipped with an FID detector)
and a Phenomenex ZB-WAX capillary column (30 m ×0.53 mm ×1.0 m). The temperatures of
the injector and detector were both 250 °C, and the temperature of the column oven was
programmed to increase from 80 to 240 °C at a rate of 15 °C/min.
4.5.5 Characterizations
Proton nuclear magnetic resonance (1H NMR) spectra were recorded on a Bruker Avance
400 MHz spectrometer. UV-vis spectra were collected with a Cary 60 UV-Vis spectrophotometer.
The reaction products obtained from styrene epoxidation and benzyl alcohol oxidation were
analyzed using Hewlett Packard 5890 gas chromatograph equipped with FID detector and a
Phenomenex ZB-WAX capillary column (30 m ×0.53 mm ×1.0 μm). Nitrogen was used as
carrier gas. The temperatures of the injector and detector were both 250 °C, and the temperature
of the column oven was programmed to increase from 80 to 240 °C at a rate of 15 °C/min.
4.5.6 Supplement Figures
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Figure 4.5. 1HNMR spectra of (a) dipicolylamine (DPA) and (b) 2-hydroxy-3-(dipicolylamino)
propyl methacrylate (GMADPA) measured in d-CHCl3. The peaks at 8.56 ppm (peak a), 7.62 ppm
(peak c), 7.32 ppm (peak d), 7.16 ppm (peak b) corresponded to the protons of pyridine groups,
and 4.20-3.90 ppm (peaks e, g, h) corresponded to methylene protons confirmed the successful
ring opening reaction of epoxides with DPA ligands.
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peaks at 8.5, 7.6, 7.3, and 7.1 ppm correspond to the aromatic protons from pyridine groups of
DPA ligands confirm the presence of DPA ligands in the copolymers. Also, the peak at 2.9 ppm
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Figure 4.7. UV-vis spectra showing the titration of (a) GMADPA monomer and (b) PGMADPA92
polymer with Cu(NO3)2 measured in methanol. (b, d) The absorption at 676 nm as a function of
Cu2+: DPA ligands. The concentration used: 5 mM for monomer and polymer and 20 mM for Cu2+.
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Figure 4.8. (a) UV-vis spectra of Cu-polymers and Cu(NO3)2 measured in water. The
concentration used for the Cu-polymers is 0.9 mg/mL and for Cu(NO3)2 is 4 mg/mL. Cu(NO3)2
has absorption at 810 nm whereas the Cu-polymers has at 676 nm showing the coordination of Cu
to the DPA ligands. The absence of absorption peak around 810 nm in Cu-copolymers UV-vis
spectra clearly indicated there is no free Cu2+ ions. (b) Standard calibration curve of Cu-DPA
coordination.
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Figure 4.9. (a) Schematic representation of DTBC oxidation reaction. UV-vis spectral changes

for the oxidation of DTBC catalyzed by (b) non-catalytic, (c) Cu-GMADPA, and (d) Cu- P2
polymer. Spectra collected at the interval of 30 sec for a period of 10 min. (c) Reaction conditions:
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[DTBC] = 143 M; [Cu] = 57 ; T = 37 oC. O2 concentration was kept constant by bubbling the
reaction solution with O2 throughout the oxidation reaction.

ln(1-B/B)

0.0
-0.4
Non-catalytic
Cu-GMADPA
Cu-P1
Cu-P2
Cu-P3
Cu-P4
Cu-P5

-0.8
-1.2
0

1

5
4
3
2
Reaction Time (min)

6

Figure 4.10. The 1st-order reaction kinetics for the oxidation of DTBC catalyzed by: non-catalytic
(square), Cu-GMADPA (circle), Cu-P1 (triangle), Cu-P2 (inverted triangle), Cu-P3 (left triangle),
Cu-P4 (right triangle) and Cu-P5 (diamond). Reaction conditions: [DTBC] = 143 M; [Cu] = 57
M; T = 37 oC. Oxygen was constantly bubbled into the solution throughout the oxidation reaction.
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4.5.6.1 Additional discussion on the possible mechanism on cooperative catalysis
Cu-containing enzymes, e.g. laccases, tyrosinase, catechol oxidase contain the dicopper or
tricopper centers in the active sites brought together in close proximity and cooperatively reacts
with O2. Extensive efforts have been made to design and synthesize various di- and trinuclear
copper-based systems with different ligand architectures for O2 activation.21, 36, 41-44 The studies of
several Cu-O2 adducts have been identified and characterized. The most common types of binding
of O2 to the dicopper are shown in Scheme 4.2. Even in an electrochemical approach of oxygen
activation, Stack and Chidsey et al.45 proposed that O2 activation occurred between two proximal
Cu centers cooperatively to form a Cu2O2 intermediate during the O2 reduction process.

Scheme 4.2. The different binding modes of copper-O2 intermediates.
In tri nuclear complexes, different types of Cu-O2 intermediates have been identified. For
example, Chan and coworkers have developed trinuclear Cu catalysts.46, 47 In the latter case, the
reaction of tricopper complexes with O2 at low temperatures produced two paramagnetic species:
[CuIICuII(-η2:η2:-peroxo)CuII(L)]2+ and [CuIICuII(-O)2CuIII(L)]2+ as shown in Scheme 4.3. In
another example, a trinuclear Cu complexes using metal-templated ligand architecture was
designed.48 Reactions of such tri-Cu complex with O2 at low temperatures generated 3,3-dioxotricopper complex (CuII2CuIII(m3-O)2). The obtained dioxo-tricopper species were active for 4 ereduction reactions of O2 to H2O.
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Scheme 4.3. Mechanism of O2 activation by tris-Cu(I) complexes developed by Chan and
coworkers.47
Based on the existing literature on dicopper complexes for O2 activation, we propose the
following mechanism for the catalytic oxidation of DTBC with our Cu-polymers (Figure S9). The
Cu2+-DPA complexes bind to the two oxygen atoms of DTBC and are reduced to Cu+ ions with
the concomitant oxidation of DTBC. Then the O2 activation by the two Cu+ ions will form a bisμ-oxo or μ-η2,η2-peroxo intermediates. Followed by this, the subsequent oxidation of one more
DTBC to corresponding quinone and resulting Cu2+ ions. But the probability of O2 activation by
three Cu2+ ions or even complicated mechanism during the catalytic cycle may not be ruled out
due to the lack of information on the identification and stabilization of the Cu II(O22-)CuII, or the
CuII(O22-)CuIICuII intermediates by spectrophotometrically. The polymer promoted activity for the
oxidation reactions is thought to the cooperative interaction of di or tri or even multi-copper sites
endowed by the flexibility of polymers. Compared to that of molecular Cu complexes, the Cupolymer can enhance the intramolecular cooperativity through the chain reconformation which
essentially removes the diffusion of molecular Cu complexes during cooperative catalysis. Thus,
the enhancement of Cu activity for oxygen activation is a kinetic phenomenon that also prove the
molecular state of catalysts to be important in multi-metal catalyzed reactions.
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Figure 4.13. Proposed mechanism for the O2 activation by Cu-polymers in DTBC oxidation
reaction.
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Enhanced O2 Activation by Hydrophobic Confined type-3 CopperContaining Single Chain Polymers

Srinivas Thanneeru, Zichao Wei, Elena Rodriguez, and Jie He*
5.1

Abstract
Herein, we report our findings on hydrophobicity promoted catalysis of type-3 Cu sites for

oxygen activation. Dipicolylamine (DPA)-functionalized amphiphilic copolymers poly (N,N’dimethylacrylamide-co-3-(dipicolylamino)-2-(dodecanoyloxy) propyl methacrylate) (P(DMA-coGMADPA-ODC)) were used as parent copolymers for the incorporation of Cu sites via Cu-DPA
coordination. The self-folding of Cu-polymers were triggered in water using hydrophobic
interactions of dodecyl groups. These Cu-SCNPs show ca. 60-fold enhanced activity, towards the
oxidation of model hydrophobic catechol in acetonitrile/water using O2 as oxidant compared to the
monomeric Cu-complex. On the other hand, SCNPs with Cu sites employed outside the
hydrophobic domain of a folded polymer framework only showed a ca. 12-fold enhanced activity.
This hydrophobic enhanced activity results provide crucial insight into the effects of hydrophobic
microenvironment for the metal active sites with higher activities.
5.2

Introduction
Nature’s ability to perform high catalytic efficiency with selectivity achieved through

controlled folding of polypeptides along with secondary interactions such as from hydrophobic
interactions near the active site.1-5 Inspired by this, many chemists to mimic the enzymatic activity
via hydrophobic interactions by single- chain polymeric nanoparticles (SCNPs),6-9 dendrimers,1012

and hyperbranched polymers,13 polyelectrolytes,14, 15 hydrogels,16 micelles,17, 18 etc. Among
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them, SCNPs are of interest, in which a linear polymer is collapsed with a catalytically active metal
site in a hydrophobic microenvironment.19, 20 These SCNPs resemble the general characteristics of
metalloenzymes. Recent studies on metal SCNPs showed catalysis applications with higher
activities over the small molecular complexes.21-23
Recently, we designed and introduced type-3 copper sites in a random copolymer and
demonstrated the catalytic activity for cooperative oxygen activation in aqueous solution. The
results suggested that the activity of Cu sites was attributed to the flexibility of the polymer and
concentration of Cu sites. This approach of incorporation of Cu sites in a polymeric scaffold
provided a useful strategy for the design of enzymatic polymeric catalysts. Here, we take the next
step in the design of Cu-polymer catalysts by introducing hydrophobic microenvironment for the
Cu sites. It is known that hydrophobic microenvironment near the metal sites affects the catalytic
activity.24 For example, Mao et al. reported the presence of hydrophobic -cyclodextrin (CD)
attached to a copper-based phosphodiesterase mimic increased the activity by 3 orders of
magnitude.25 Herein this communication, we demonstrate that the incorporation of type-3
copper sites in single chain polymers having local hydrophobic microenvironment for the Cu
sites to promote the O2 activation. This structural design is reminiscent of native copper
enzymes and we show that a 60-fold higher activity compared to the monomer complex. To
confirm the effect of hydrophobic microenvironment on the activity we designed and prepared
other copolymers of poly (N,N’-dimethylacrylamide-co-lauryl methacrylate-co-2-hydroxy-3(dipicolylamino) propyl methacrylate) (P(DMA-co-LMA-co-GMADPA)) copolymers as control
samples with the Cu sites outside the hydrophobic microenvironment.
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5.3

Results and discussion

(a)
Water

P(DMA-co-LMA-co-GMADPA)

Cu2+-P(DMA-co-LMA-co-GMADPA)

(b)

Water

P(DMA-co-GMADPA-ODC)

Cu2+-P(DMA-co-GMADPA-ODC)

Scheme 5.1. Schematics showing the preparation of copolymers of P(DPA-co-LMA-coGMADPA) and P(DMA-co-GMADPA-ODC) and their corresponding copper containing SCNPs.
Two different types of parent amphiphilic copolymers of P(DMA-co-GMADPA-ODC)
and P(DMA-co-LMA-co-GMADPA) were designed as shown in Scheme 5.1. The monomers, 2hydroxy-3-(dipicolylamino) propyl methacrylate (GMADPA), and 3-(dipicolylamino)-2(dodecanoyloxy)propyl methacrylate (GMADPA-ODC) bearing dipicolylamine (DPA) group as
the binding site for the coordination Cu2+ ion were first prepared. The synthetic details GMADPA
and GMADPA-ODC monomers are given in Supporting Information (Scheme 5.2 and Figure 5.4).
The copolymers were synthesized using reversible addition fragmentation chain transfer (RAFT)
polymerization. In P(DMA-co-LMA-co-GMADPA) copolymers, DMA as the hydrophilic blocks,
LMA as the hydrophobic blocks, and GMADPA as a binding site for Cu2+ ions whereas in
P(DMA-co-GMADPA-ODC), GMADPA serve as both hydrophobic and binding site for Cu2+
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ions. The copolymers with different mole fractions of hydrophobic monomer were prepared by
varying the feed ratio of LMA/GMADPA-ODC and DMA.

The synthetic details for the

preparation of GMADPA, GMADPA-ODC and the copolymers are given supporting information.
The summary of the copolymers is presented in Figure 5.1a. The obtained polymers were
characterized by proton nuclear magnetic resonance spectroscopy (1H NMR). The corresponding
1

H NMR spectra of as-prepared P(DMA-co-GMADPA) polymers is given in Figure 5.1b. The

average number of repeat units for each monomer in the copolymers were calculated based on the
conversion of monomers. The proton resonance peaks at 8.5, 7.6, 7.3, and 7.1 ppm corresponding
to the aromatic protons from pyridyl groups of GMADPA confirm the copolymerization. The ratio
of the two monomers can be estimated by comparing the peak areas at 2.9 ppm assigned to the
methyl protons of DMA with the aromatic protons at 8.5 ppm of pyridyl groups.
Cu-polymers were then prepared first before self-collapsing the copolymers in water. The
Cu-polymers were prepared in methanol solution by adding an excess amount Cu(NO3)2 (2 moles
excess corresponded to DPA moieties). The coordination of Cu2+ ions with the copolymers was
confirmed by UV-vis spectroscopy. A characteristic absorption peak around 680 nm was observed
corresponding to the d-d transition band of Cu2+-DPA coordination (Figure 5.6). The copper
concentration in all Cu-polymer was calculated from an established standard curve of the Cu-DPA
complex to get an accurate Cu concentration in the final SCNP solutions.
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(a)
Code

Polymer a

Ligand mole
fraction(%)

Hydrophobic
mole fraction (%)

Mn a
(kg.mol-1)

P1

P(DMA105-co-LMA27-co-GMADPA37)

21.9

16.0

29.9

P2

P(DMA42-co-LMA22-co-GMADPA18)

21.4

26.8

16.0

P3

P(DMA219-co-GMADPA-ODC28)

11.4

11.4

36.3

P4

P(DMA110-co-GMADPA-ODC25)

18.5

18.5

25.5

(b)
i

l

l

h
j

g

kd
c
b

a

10 9

7

6

5

e

a

d
a

e+g+h+i

cd b

8

f
e

4

b

f+i+l

j

f+l

3

c

k

2

Chemical Shift (ppm)

1

a

010 9

cd b

8

7

j
k

e+g+h

6

5

4

3

2

Chemical Shift (ppm)

1

0

Figure 5.1. (a) Summary of the different copolymers of P(DMA-co-LMA-co-GMADPA) and
P(DMA-co-GMADPA-ODC). (b) 1H NMR spectra of copolymers of P(DMA-co-LMA-coGMADPA) and P(DMA-co-GMADPA-ODC) measured in CDCl3. Note aThe repeat unit numbers
and the mole fraction of the monomers were calculated using 1H NMR. The mole fraction of LMA,
GMADPA, and GMADPA-ODC relative to DMA was determined based on the peak areas of
corresponded protons in 1H NMR spectra.
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2

1

0

Figure 5.2. 1H NMR spectra of copolymers and Zn-SCNPs of (a) P(DMA105-co-LMA27-coGMADPA37) and (b) P(DMA219-co-GMADPA-ODC28) polymers measured in acetone-d6 and
D2O.
The single-chain collapse of the obtained Cu-polymers was performed in water using
hydrophobic interactions of the long alkyl pendant groups. Please note that, due to the
paramagnetic nature of Cu2+ ions and its impact on NMR spectral acquisitions, we replaced Cu2+
with Zn2+ for the characterization of SCNPs by NMR spectroscopy. First, the formation of SCNPs
was evaluated by 1H NMR measurements in acetone-d6 and D2O solvents at 25 °C. The NMR
spectra of P1 and P3 polymers in pure acetone and their Zn-SCNPs in D2O are given in Figure 5.2.
It is clearly showed proton signals corresponding to pyridine groups at 8.5, 7.7, 7.5, 7.2 ppm (peaks
a, c, d, and b), methyl protons of DMA groups at 2.88 ppm (peak l) and proton signals of dodecyl
groups at 1.29 ppm (peak j), 0.88 ppm (peak k) of both P1 and P3 in acetone-d6 indicating that
complete soluble nature and the mobility of the polymer. The protons of dodecyl groups (peak j
and k) in both P1 and P3 became gradually broader as D2O fraction increased. These results
demonstrate that hydrophobic long alkyl chains and a methacrylate backbone underwent
intramolecular aggregation due to the loss of chain mobility in D2O. It is interesting to point out
that the pyridine proton peaks (a, c, d, b) of P3 polymer almost disappeared in pure D 2O whereas
they became broader and not completely disappeared in P1 polymer. This is an indication of P1
polymer use hydrophobic LMA groups to self-collapse the polymers in water and P3 polymer use
dodecyl groups of GMADPA-ODC. In other words, DPA groups are within the hydrophobic
domain in case of P3 polymer whereas they are located outside the hydrophobic domain in case of
P1 polymer.
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Figure 5.3. Temperature-dependent 1H NMR spectra of (a) Zn2+-P(DMA105-co-LMA27-coGMADPA37) and (b) Zn2+-P(DMA219-co-GMADPA-ODC28) measured in pure D2O.
Next, to clarify the presence of DPA groups in or outside the hydrophobic domain of the
two different types of Zn-SCNPs, a series of temperature NMR measurements were performed in
pure D2O for SCNP-1 and SCNP-3 at a temperature range of 5 oC to 80 oC (Figure 5.3). The proton
signals for the pyridine groups (peaks a, c, d, b), and the dodecyl groups (j, k) were monitored by
cooling from 80 oC to 5 oC. As we can see from the spectra in both SCNPs, it is evident that the
peaks j, k became broader upon cooling and almost disappeared at 5 oC. Whereas the pyridine
proton peaks in SCNP-1 the intensity deceased upon cooling and the proton peaks were barely
seen in SCNP-3 as the DPA groups were deeply embedded in the hydrophobic domain. On the
other hand, the methyl proton peaks of DMA groups were not affected by solvation or temperature
as they were fully soluble in water. The small changes in intensity were observed for DMA methyl
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protons as the local mobility around polymer backbones which involved in compaction in water
by cooling temperature.
Self-folding of Cu-polymers was also characterized by diffusion-ordered NMR
spectroscopy (DOSY). The diffusion coefficients were measured from DOSY NMR spectra and
the corresponding hydrodynamic diameters (DH) were calculated using the Stokes-Einstein
equation (see SI for more details and calculation). The DH of P1 and P2 in chloroform were
measured to be 6.2 and 4.8 nm respectively. On the other hand, polymers P3 and P4 have DH of
6.7 and 6.3 nm respectively. The SCNP-4 has a diameter of 2.8 nm in water. This decrease in
hydrodynamic diameter from polymers to SCNP-4 clearly indicate the self-folding of polymers
via hydrophobic interactions.26 The diameter of the obtained SCNP is in the range of reported size
of SCNPs folded in water via hydrophobic interactions.7, 9, 27-29 These results further proved that
Cu-copolymers self-folded intramolecularly via hydrophobic interactions of pendant long alkyl
groups to form SCNPs.
Finally, the catalytic activities of the SCNPs were assessed by studying the oxidation of
a model compound, 3,5-di-tert-butyl catechol (DTBC). The oxidation of DTBC was performed in
acetonitrile/water (7/3 v/v) mixture by using O2 as an oxidant. The DTBC oxidation was carried
out with a catalyst-to-substrate ratio of 1:2.5 at 37 oC (see SI for details). The reaction was
monitored using UV-vis spectroscopy since the product 3,5-di-tert-butyl quinone (DTBQ) has a
characteristic peak around 410 nm (see Figure 5.7 for the UV-vis curves). As a control experiment,
the DTBC oxidation was performed with the Cu-GMADPA complex under identical conditions.
The DTBC oxidation reaction followed first-order kinetics as shown in Figure 5.4a and the first
order rate constants were extracted from the kinetic plots and tabulated in Figure 5.4c. The CuGMADPA catalyzed the oxidation of DTBC is kinetically slow with a rate constant (k) of 4.5 ×10112

(a) 0.0

(b)

Rate (M/min)

-0.4

ln(1-B/B)
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SCNP-3
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-0.8
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SCNP-3
SCNP-4

-1.2
-1.6

0
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0.02

0.042

4.0

9.5
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23.5 ± 0.82

0.13

0.205

26

12.7

SCNP-4

27.6 ± 3.44

0.14
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28

23.7

Vmax
K (mM/min)
(M/min) M

Entry

Catalyst

(k 102 min-1)

1

Cu-GMADPA

0.45 ± 0.02

--

2

SCNP-1

5.72 ± 0.55

3

SCNP-2

4

5

Figure 5.4. (a) The first-order reaction kinetics for DTBC oxidation catalyzed by different SCNPs.
(b) Michaelis–Menten plots DTBC oxidation catalyzed by Cu-GMADPA and Cu-polymers. (c)
The table to summarize the kinetic parameters and the first order rate constants for DTBC
oxidation. Reaction conditions for DTBC oxidation: [DTBC] = 125 M; [Cu] = 50 M; T = 37
o

C. Oxygen was purged throughout the oxidation reaction.

3

min-1, whereas the SCNPs catalyzed DTBC oxidation is much faster. When catalyzed by SCNP-

1, the k reaches 5.72 ×10-2 min-1, ~13 times faster and when SCNP-2 catalyzed with increased
hydrophobic content of 27%, k decreased to 4.4 ×10-2 min-1, ~10 times faster than the CuGMADPA catalyzed oxidation. Thus, SCNPs with Cu sites outside of the hydrophobic domain
showed similar activity irrespective of hydrophobic content. On the other hand, when SCNPs with
Cu sites within the hydrophobic domain catalyzed the oxidation of DTBC showed greater activity.
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For example, when SCNP-3 catalyzed, k increased to 23.5 ×10-2 min-1, 52 times active and reached
a maximum value when catalyzed by SCNP-4 with higher Cu content of 27.6 ×10-2 min-1. The
SCNP-4 displayed the highest activity with 61 times active over Cu-GMADPA catalyzed
oxidation. The difference in activities when catalyzed by two different types of SCNPs clearly
attributed to the hydrophobic promotion of cooperative catalysis of Cu sites.
Finally, the enzyme-like behavior of the SCNPs and to see the hydrophobicity promoted
catalyzed oxidation reactions was demonstrated by the Michaelis–Menten model approach. The
reaction kinetics is measured by studying the initial rate method, which is widely used method in
literature for establishing the enzyme like activity.30, 31 The initial rate of DTBC oxidation was
studied for 1 min by monitoring the increase of the absorbance of product DTBQ by varying the
substrate DTBC concentrations from 40 M to 0.6 mM at a fixed concentration (50 M) of Cu in
the SCNPs. The dependence of the initial rate on the concentration of DTBC catalyzed by different
SCNPs is shown in Figure 5.4b. The kinetic parameters maximum velocity (Vmax) and the
Michaelis binding constant (KM) were evaluated based on non-linear regression of MichaelisMenten plots. These results are summarized in Figure 5.4c. From the data, both the Vmax and the
kcat followed zero order kinetics. A clear 7-fold difference in Vmax values when comparing SCNP1 and 2 with that of SCNP-3 and 4 catalyzed reactions suggest that incorporation of Cu site within
a hydrophobic domain can influence the intramolecular cooperative catalysis of adjacent Cu sites,
even though it is thermodynamically not feasible. Further analysis of KM in both types of SCNPs,
showed a higher value when compared with SCNP-3 and SCNP-4. This clearly indicates the
binding strength of DTBC is higher in case of SCNP-1 and 2. The data further confirm the kinetic
enhancement of cooperative catalysis when Cu sites are in the hydrophobic domain by overcoming
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the thermodynamic barrier. This is consistent with the rate constant values when kcat/KM calculated
to estimate the efficiency of the Cu sites in SCNPs.
5.4

Conclusion
In summary, we demonstrate hydrophobicity enhanced cooperative catalysis of Cu towards

O2 activation. Two different types of random copolymers of P(DPA-co-LMA-co-GMADPA) and
P(DPA-co-GMADPA-ODC) were prepared for the incorporation of type-3 Cu sites. Self-folding
of Cu-polymers via intramolecular collapse using physical hydrophobic interactions in water lead
to the formation of SCNPs. The SCNPs prepared from P(DPA-co-GMADPA-ODC) containing
Cu sites in their hydrophobic environment whereas SCNPs prepared from P(DPA-co-LMA-coGMADPA) containing Cu sites outside the hydrophobic domain. The catalytic activity of both
SCNPs was assessed by studying the oxidation of a model substrate, DTBC. The results showed
that a 52-61-fold enhancement in the catalytic activity when catalyzed by SCNPS with the Cu sites
in the hydrophobic environment whereas it was only a 10-13-fold enhancement when catalyzed
by SCNPS with the Cu sites outside the hydrophobic environment compared to that of the
monomeric complex of Cu-GMADPA. Furthermore, an enzyme-like kinetic behavior of SCNPs
was established by Michaelis-Menten analysis. The results clearly demonstrated the
hydrophobicity enhanced cooperative catalysis intramolecularly. We believe that our results show
a high activity coupled with enzymatic catalysis using type-3 Cu enzyme-inspired SCPNs
promising way to design an enzyme mimics and to engineer the hydrophobic pocket approaches.
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5.5

Experimental section

5.5.1 Materials
All chemicals were purchased from Aldrich and used as received unless otherwise noted. N,N’dimethyl acrylamide (DMA, 99%), was passed through a basic aluminum oxide column prior to
use. 2,2'-Azobis(isobutyronitrile) (AIBN, 98%) was recrystallized twice from, ethanol. The chain
transfer agent (CTA), 4-Cyano-4-(thiobenzoylthio) pentatonic acid (CPADB, ≥ 97%), dodecanoyl
chloride, lauryl methacrylate (LMA), triethylamine (TEA), 3,5-di-tert-butylcatechol (3,5-DTBC,
99%) were used as received. Deionized water (High-Q, Inc. 103S Stills) with a resistivity of > 10.0
MΩ was used in experiments.
5.5.2 Monomer and Polymer syntheses
(a)

2-carboxy
pyridine

2-aminomethyl
pyridine

Dipicolylamine (DPA)

(b)

DPA

GMA

GMADPA

(c)

Dodecanoyl Chloride

GMADPA

GMADPA-ODC

Scheme 5.2. Schematics with chemical structures showing the synthesis of ligand (a)
dipicolylamine (DPA) and DPA functionalized monomers (b) 2-hydroxy-3-(dipicolylamino)
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propyl methacrylate (GMADPA) and (c) 3-(dipicolylamino)-2-(dodecanoyloxy) propyl
methacrylate (GMADPA-ODC).
5.5.2.1

Synthesis of Monomer 2-hydroxy 3-(dipicolylamino) propyl methacrylate (GMADPA)

The monomer GMADPA was synthesized using ring opening reaction of epoxide with DPA. In a
typical procedure, glycidyl methacrylate (GMA, 6.28 g, 44.2 mmol) and DPA (8.8 g, 44.2 mmol)
were dissolved in 10 mL of DMF, and the solution was stirred for 5 h at 110 oC. After 5 h, the
reaction mixture was cooled to room temperature and then 150 mL DCM was added to the reaction
mixture. The reaction mixture was washed with water (10 mL × 3). The water fractions were
combined and extracted with 100 mL DCM. The combined DCM solutions were washed with
brine (20 mL) and dried over sodium sulfate. The pure product was purified by column
chromatography (SiO2, 1:9 methanol/ethyl acetate) and the second fraction was collected and
concentrated to give a yellow oil identified to be GMADPA.
5.5.2.2 Synthesis of Monomer 3-(dipicolylamino)-2-(dodecanoyloxy) propyl methacrylate
(GMADPA-ODC)
The monomer GMADPA_ODC was synthesized using by the capping of the hydroxyl group with
dodecanoyl chloride. In a given procedure, GMADPA (1.05 g, 3.08 mmol), and TEA (0.62 g, 6.16
mmol) were dissolved in 100 mL of dry DCM solvent and cooled to 0 oC. Then dodecanoyl
chloride (1.35 g, 6.16 mmol) was added slowly dropwise for 20 min under N2 atmosphere. After
complete addition, the reaction mixture was stirred for overnight at room temperature under N2.
After the reaction, TEA salts were removed by washing with water and brine, respectively. The
organic layer was collected and dried over anhydrous MgSO4. The pure product was collected by
removing DCM under vacuum to give a yellow oil identified to be GMADPA-ODC.
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5.5.2.3 Synthesis of copolymers of P(DMA-co-LMA-co-GMADPA)
The copolymers of P(DMA-co-GMADPA) were synthesized using RAFT polymerization using
CPADB as raft reagent in anisole solvent at 70 oC temperature. For example, P(DMA105-co-LMAco-GMADPA26) polymer was prepared as follows. DMA (2.0 g, 20.2 mmol), LMA (1.58 g, 6.37
mmol), GMADPA (1.62 g, 4.66 mmol) and AIBN (12.76 mg, 78 mol), CPDB (21.7 mg, 78 mol)
were dissolved in 0.5 mL of anisole and 100 l of DMF as an internal standard. The resulting
solution was then purged with N2 for 20 min before it was kept in a pre-heated oil bath at 70 oC.
After the polymerization, DCM was added to stop the polymerization. The mixture was then
precipitated thrice from hexanes and dried under vacuum at 40 oC for overnight. The repeat units
for DMA and GMADPA were calculated using the conversion of monomers from NMR spectra.
5.5.2.4 Synthesis of copolymers of P(DMA-co-GMADPA-ODC)
The copolymers of P(DMA-co-GMADPA-ODC) were also synthesized using RAFT. For
example, P(DMA219-co-GMADPA-ODC26) polymer was synthesized as follows. DMA (0.5 g,
5.05 mmol), GMADPA-ODC (0.66 g, 1.26 mmol) and AIBN (2.6 mg, 15.8 mol), CPADB (4.4
mg, 15.8 mol) were dissolved in 0.4 mL of anisole and 100 l of DMF as an internal standard
and the resulting solution was purged with N2 for 20 min and placed in a pre-heated oil bath at 70
o

C. After the polymerization, DCM was added to the reaction solution to stop the polymerization.

The mixture was then precipitated thrice from hexane and dried under vacuum at 40 oC for
overnight. The repeat units for DMA and GMADPA were calculated based on the conversion of
monomers from NMR spectra.
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5.5.3 Preparation of Cu-SCNPs
After preparation of copolymers of P(DMA-co-LMA-co-GMADPA) and P(DMA-coGMADPA_ODC), Cu-polymers were prepared first by complexation of DPA ligands with Cu2+
ions in methanol solution. The formation of Cu2+-DPA complexation was monitored by using UVvis spectroscopy. A characteristic peak around 670 nm corresponding to the d-d transition of Cu2+
band was observed.1 The ratio of Cu2+ to DPA ligands was expected to be 1 based on the reported
literature.33
5.5.4 Kinetics of 3,5-DTBC oxidation
3,5-DTBC oxidation was conducted at a constant temperature of 37 °C in acetonitrile and water
(3/1 v/v). The kinetics of the 3,5-DTBC oxidation was monitored using UV-vis spectroscopy.
Briefly, 50 M of Cu-SCNPs in water catalyst was taken in a quartz cell, then 750 L of water
was added to it. The total volume of the solution was maintained to 3 mL by adding acetonitrile
solvent. The spectrophotometer was then equilibrated at 37 °C by a thermostat. An 85 L of 3,5DTBC in acetonitrile from a stock solution (1 mg/mL) was quickly added and mixed thoroughly.
The kinetics of 3,5-DTBC oxidation was determined by monitoring the increase in the product
DTBQ concentration by an increase in the absorbance at 410 nm. The O2 concentration in the
reaction solution was kept constant during oxidation reaction by bubbling with O2 throughout the
kinetics measurements.
5.5.5 Characterization
Proton nuclear magnetic resonance (1H NMR) spectra were recorded on a Bruker Avance 400
MHz spectrometer. UV-vis spectra were collected with a Cary 60 UV-Vis spectrophotometer.
Diffusion-ordered NMR Spectroscopy (DOSY) data were recorded on the Bruker Avance III 500
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spectrometer equipped with a Bruker 5 mm broadband observed (BBO) probe with z-Gradient.
The temperature was stabilized at 298±0.1 K. All NMR DOSY measurements were performed
using the bipolar longitudinal eddy current delay pulse sequence (ledbpgp2s). The spoil gradients
were also applied at the diffusion period and the eddy current delay. First, the optimization of 1D
NMR spectra by adjusting the pulse gradients and the diffusion time in order to obtain full
attenuation of the signals at 95 % of maximum gradient strength. The values 200-300 ms for the
diffusion times and 2.0 ms for the duration of the gradient pulses were used. The gradients strength
was linearly incremented in 16 steps from 5% to 95% at the maximum gradient strength. A delay
of 3 s between echoes was used. The data were processed with the Bruker topspin software (version
3.5 pl 7).
5.5.6 Supplement Figures

(a)

c

j

f e

h
g

e

i

d

10

9

8

b

7

J

6

g
h

J

5

l

4

2

d

a

1

Chemical shift (ppm)

10

9

c b

8

7

b
j

m
*

f

3

c

l
*

a

d

b

e
d

m

e

f

k

i

a

c

c

g

h

a

e

i

a

b

d

a

d
J

c

(b)

b

e
j j

6

g

h
5

4

f
k

3

f

Chemical Shift (ppm)

l

2

1

0

Figure 5.5. 1HNMR spectra of (a) 2-hydroxy-3-(dipicolylamino) propyl methacrylate (GMADPA)
and (b) 3-(dipicolylamino)-2-(dodecanoyloxy) propyl methacrylate (GMADPA-ODC) measured
in CDCl3.
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Figure 5.6. (a) UV-vis spectra of different Cu-polymers and Cu(NO3)2 measured in water.
Cu(NO3)2 has absorption at 810 nm whereas the Cu-polymers has at 676 nm showing the
coordination of Cu to the DPA ligands.
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Figure 5.7. (a) Schematic representation of DTBC oxidation reaction. UV-vis spectral changes for
the oxidation of DTBC catalyzed by Cu-GMADPA (left), SCNP-1 (middle) and (d) SCNP-4
(right). Spectra collected at the interval of 30 sec for a period of 5 min. (c) Reaction conditions:
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[DTBC] = 125 M; [Cu] = 50 M; T = 37 oC; solvent = acetonitrile/water (7/3 vol). O2
concentration was kept constant by bubbling the reaction solution with O2 throughout the oxidation
reaction.
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6

Future Perspectives
The advancement of polymer science towards the polymer synthesis by various

polymerization methods, post-polymerization methods, and well-developed characterization
techniques allow one to tailor the design and synthesize functionalized polymers. The
intramolecular cross-linking of individual polymer chains leads to the construction of soft nanoobjects called single chain polymer nanoparticles (SCNPs). Significant progress has been made in
the field of single chain technology to achieve SCNPs with different sizes, morphologies and
followed by their applications such as drug delivery, nanomedicine, sensing, and catalysis.
In this thesis, we presented our contribution to this evolving research area by exploring
bio-inspired catalysis applications using metal-containing SCNPs (M-SCNPs). Inspired by the
metalloenzymes from their structural point of view (metal active sites/co-factors) to their
functions, we have designed, synthesized and characterized various M-SCNPs. We have
successfully studied the catalytic applications of two bio-inspired M-SCNPs based on carbon
monoxide dehydrogenase (CODH) and type-3 copper enzymes. In chapter 2, CODH inspired NiSCNPs containing Ni-thiolate cofactors were discussed. The catalysis applications towards the
selective photoreduction of carbon dioxide using Ni-SCNPs was demonstrated. In our continuous
efforts, we have designed, prepared and studied the catalysis applications of type-3 copper enzyme
inspired Cu-SCNPs in chapters 3, 4 and 5.
The field of single-chain folding of polymers is expanding at a rapid pace in terms of
exploring new methodologies for the preparation of SCNPs, particularly, M-SCNPs towards the
catalysis applications. But the ultimate goal of the single chain technology is far beyond to mimic
the nature for the construction of artificial enzyme SCNPs interns of precise control over the
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monomer sequence like amino acids in proteins and dispersity of the SCNPs. In addition to this,
lack of the ordered structures and folding/unfolding mechanisms during the catalysis.
In metalloenzymes, the first, second and outer coordination spheres play a crucial role in
tuning the reactivity of the metallic center for displaying extremely high rates, selectivity, and
specificity. Furthermore, the mobility, dynamics and/or conformational changes of the protein
chain can help the orientation of metal active sites during the substrate binding and product
formation. Given the properties mentioned above, it is too far to achieve the construction of the
best enzyme mimetic SCNPs. So, it is important to understand the role of first and secondary
coordination sphere effects in SCNPs on the activity. The research for the next few years is
expected to solve some of these issues to develop fully enzyme mimicking models by employing
amino acid containing monomers and control over the monomer sequence with competing for
activity to the native enzymes.
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